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ABSTRACT
New Zealand is situated on the boundary between the Pacific and Australian
tectonic plates. The Wellington region lies near the southern end of the Hikurangi
subduction zone and within azone of major, active strike-slip faults. Wellington's
paleoseismic and historic records indicate that large surface rupture earthquakes
have occurred on these faults in the past. Development of a complete record of
past large earthquakes is a high priority for the region because of the risk posed by
occrrrence of large earthquakes in the future. The existing paleoseismic record
has been derived predominantly from studies of fault trench stratigraphy, raised
beach ridges and offset river terraces. The sedimentary record of lakes and coastal
waterbodies is a source of information that has not been used specifically for
paleoseismic purposes in the region. Therefore investigation of Wellington's
sedimentary record is used in this thesis to make a contribution to the
paleoseismic record.
Holocene sedimentary sequences are studied from three small,low elevation,
coastal waterbodies: Taupo Swamp, Okupe Lagoon and Lake Kohangapiripiri.
Sequences of between 200 and 650 cm depth were collected using a hand-
operated coring device. Sedimentology and diatom microfossil content were
analysed and interpreted to enable reconstruction of paleoenvironment at each
site. Radiocarbon dating was used to provide chronologies for the sequences that
are aged between 5000 and 7500 calibrated years before present (cal. years BP).
Diatom analysis is the main tool used to reconstruct paleoenvironment and detect
evidence for occurrence of past large earthquakes. To aid reconstruction of
sedinrentary sequences used in this project, as well as coastal sequences in New
Zealand in general, a coastal diatom calibration set was consffucted using 50 sites
around New Zealand. Modern diatom distribution and abundance, and associated
environmental variables are analysed using ordination and weighted averaging
techniques. Detrended correspondence analysis arranges species according to
salinity preferences and divides sites clearly into waterbody types along a coastal
gradient. This analysis enables reconstruction of waterbody type from fossil
samples by passive placement onto ordination diagrams. Weighted averaging
regression of calibration set samples results in a high correlation (r2jacF0.84)
between observed and diatom inferred salinity, and enables salinity preferences
and tolerances to be derived for 100 species. This confirms for the first time that
species' preferences derived in the Northem Hemisphere are generally applicable
to diatoms living in the coastal zone of New Zealand. Weighted averaging
calibration and the modern analogue technique are used to generate quantitative
estimates of paleosalinity for fossil samples.
Paleoenvironmental reconstnrctions of Taupo gtrvamp, Okupe Lagoon and Lake
Kohangapiripiri indicate that each waterbody has been isolated from the sea
during the late Holocene. Isolation has been achieved through interplay of
sediment accumulation causing growth of barrier beaches, and coseismic uplift.
Ten distinct transitions between different paleoenvironments are recognised from
the three sequences. These transitions involve changes in relative sea level or
water table level often in association with catchment disturbance or marine influx
events. All transitions occur suddenly and are laterally extensive and synchronous
within each waterbody. Quantitative estimates of paleosalinity and waterbody
type are used to differentiate between large and small magnitude changes in
paleoenvironment. Five transitions involve large amounts of paleoenvironmental
change and provide evidence for earthquakes occurring at 
-5200, -3200, and
-2300 cal. years BP. Five other transitions are consistent with the effects of large
earthquakes occurring at 
-6800, 2200, -1000, -500 cal. years BP and 1855 AD
but do not provide independent evidence ofthe events.
Environmental transitions at Lake Kohangapiripiri clarifu the timing of rupture of
the Wairarapa Fault by bracketing incompatible age estimates derived from two
different sites on the fault. The oldest environmental transitions recognised at
Taupo Swamp and Okupe Lagoon both occur at 
-3200 cal. years BP indicating
that western Wellington was uplifted at this time. Environmental transitions are
recorded at all three study sites at 
-2300 cal. years BP indicating that the entire
western and central Wellington region experienced coseismic uplift at this time.
Because of the distance between sites this apparent synchroneity implies that
several faults in the region ruptured at a similar time. Investigation of sedimentary
sequences contributes to the existing paleoseismic record by providing additional
estimates of timing for past large earthquakes, enabling estimation of the areal
extent of the effects of past earthquakes, and by highlighting periods of fault
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There are two main aims to this thesis:
t. To develop a modern diatom calibration set to aid paleoenvironmental
reconstruction of coastal sequences in NeW Zealand.
To contribute to Wellington's paleoseismic record through detection of
evidence for large Holocene earthquakes in the sedimentary record.
1.2 PURPOSE OF RESEARCH
New Zealand is situated on the boundary between tbe Pacific and Australian
tectonic plates that are moving relative to each other. One result of this movement
is that the country is crossed by a number of major active faults, many of which
are known to move coseismically, that is during large earthquakes. The
devastating effect of large earthquakes on populated areas is well known from a
few examples in New Zealand and many examples internationally.
Paleoseismology, or the study of past earthquakes, is able to provide estimates of
the timing, location and magnitude of past large earthquakes. This information is
crucial to the development of hazard plans aimed at reducing damage caused by
earthquakes. Paleoseismic studies are especially important in New Zealand
because the historic record of earthquakes is only about 160 years long. Van
Dissen and Berryman (1996) show that estimates of earthquake hazard for the
Wellington region based solely on the historic record, underestimate the intensity
of all events with return times of greater than 50 years. Geological studies of sub-
surface fault ruptures, offset terraces and raised beaches provide a history of some
large earthquakes that have occurred in New Zealand over the last 10,000 ye^rs.
However, sizeable gaps in the record still exist for most active faults in the
countrv.
2.
The Wellington region probably represents the greatest seismogenic risk in New
Zealand. The capital city and a large population base are situated in close
proximity to five major active faults. There is a fairly extensive record of surface
rupture earthquakes for the last 1000 years in the Wellington region. However this
represents only the last one or two earthquakes on each fault, and for several
faults that are considered active, no events have been identified. On faults for
which longer records exist, ages of events do not correlate well between different
localities. Therefore developing a more comprehensive paleoseismic history is a
high priority.
One source of information with potential to expand this history is the sedimentary
record, an area where little work has been undertaken in this country. Northern
Hemisphere studies have successfully used the sedimentary record to identifu
earthquakes through recognifion of distinctive sedimentary layers caused by
seismic shaking or, in coastal areas, the sudden relative sea level change resulting
from vertical coseismic movement. The first aim of this research is to investigate
the Holocene sedimentary record in Wellington for evidence of earthquakes and
to determine how this evidence can contribute to the existing paleoseismic record.
High-resolution paleoenvironmental reconstructions are obtained through analysrs
of diatom microfossils in the sediment. However there is a lack of ecological
diatom work in the coastal environment and in New Zealand in general. This lack
of information precipitated the second major part of this research, which is an
ecological survey of modern diatoms and associated environmental variables in
coastal waterbodies around New Zealand. The dataset is used to enable
quantification of aspects of the above sedimentary sequences, to contribute to
literature on preferences of diatoms in the coastal zone, and to initiate transfer
function style reconstruction in New Zealand.
I.3 SETTING
1.3.1 Tectonic Setting of New Zealand
New Zealand is a yomg, tectonically active landmass that exists above sea level
largely because of collision betrveen the Pacific and Australian tectonic plates
(Fig. I .l ). The Pacific-Australian plate boundary trends in a northeast-southwest
direction along the length of the country and involves abutment of oceanic and
continental crust in various arrangements. In the North Island of New Zealand
oblique plate convergence is accommodated offshore by subduction of oceanic
Pacific Plate beneath the Australian Plate in the Hikurangi subduction zone, and
onshore by movement along large strike-slip faults. In the central South Island
both plate margins consist of continental crust. Motion parallel to the plate
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Fig. 1.1. Tectonic features of New Zealand,- The Plate Boundary Zone is a zone of
deformation resulting from collision of the Pacific and Australian Plates. Relative plate
motions and large historic earthquakes are from Walcott (1981). Active faults zlre grouped
into tectonic provinces of similar faulting style (Berryman and Beanland, l99l).
boundary occurs along the Alpine Fault, a >500 km long dextral strike-slip fault.
Motion perpendicular to the boundary is achieved by crustal thickening with
uplift of the Southern Alps at rates of up to 11 mm/yr (Walcott, 1998). Beneath
Fiordland, oceanic crust of the Australian Plate is subducted beneath the Pacific
Plate in the Puysegur Subduction Zone.
Relative plate motion causes seismic and aseismic deformation of the New
Zealand landmass throughout the plate boundary zone (Fig. l.l), a zone about 400
km wide in the North Island and 100 km wide in the South Island (Walcott, 1981).
The Pacific Plate moves westward relative to the Australian Plate at rates ranging
from 40 mm/yr to 60 mm/yr and a significant proportion of this movement is
thought to accumulate as elastic strain and be released as earthquakes (Walcott,
1981). There are numerous seismogenic sources in New Zealand including the
subduction interface itself, reverse faults of the North Island East Coast, short
normal faults of the Central Volcanic Region, major strike-slip faults of central
New Zealand and reverse faults of Northwest Nelson and Central Otago
(Berryman and Beanland, l99l). The largest historic earthquakes occur within the
Axial Tectonic Belt, a 100 km wide zone of high strain rates that extends from the
southern South Island across southern and eastern North Island (Walcott, 1981).
Historically the central Alpine Fault is an area of low seismicity so movement is
either occurring aseismically or strain is accumulating to be released in a future
large earthquake (Walcott, 1998).
1.3.2 Tectonic Setting of Wellington
Wellington is located near the southem end of the Hikurangi subduction zone
and within azone of major active faults. The North Island Dexhal Fault Belt
comprises two main fault strands and many associated faults all of which show
evidence for repeated movement during the Quatemary (Beanland, 1995). In the
Wellington region the fault belt consists of five major active faults, the Wairarapa,
Wellington, Ohariu, Shepherds Gully - Pukerua and Wairau Faults (Fig. 1.2). Fault
movement is predominantly dextral strike-slip, accommodating 60 - 90o/o of
boundary-parallel plate motion (Van Dissen and Berryman, 1996). A smaller
component of vertical movement also occurs (Begg and Mazengarb, 1996) and
heights of Last lnterglacial marine terraces indicate that net uplift is occurring
over the region (Pillans, 1990). No evidence of creep has been found on any of
Wellington's faults (Van Dissen and Berryman, 1996), so it is likely that much of
the movement is achieved coseismicallv.
Earthquakes associated with the subducting Pacific Plate are frequent in
Wellington but most are relatively small. The most frequent damaging
earthquakes appeiu to result from surface rupture of one of the major faults in the
region. Only one such earthquake has occurred in historic times, in 1855 on the
Wairarapa Fault. Historical accounts of this earthquake have recently been studied
in detail because there were limited means by which to measure the earthquake
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Fig. 1.2. Map of the Wellington Region showing major active faults
and study sites (highlighted).
in 1855 and there is valuable information to be gained from the event (Grapes and
Downes, 1997). The earthquake was felt over most of New Zealand with a
maximum intensity of MM IX-X in the lower North Island. Severe damage
occurred throughout central New Zealand but because of the small population and
predominance of wooden buildings at the time, there were only 5-10 deaths.
Magnitude is estimated to have been M 8-8.2 +l- 0.5 and the earthquake resulted
in uplift and tilting of 5000 km2 of land (Grapes and Downes, 1997). Recent
mapping of the 1855 scarp indicates a rupture lenglh of at least 148 km, a dextral
horizontal offset of 1l-13 m and uplift to the northwest of 6.5 m near Turakirae
Head decreasing northwards (Grapes, 1999).
1.3.3 Wellington's Paleoseismic Record
In the Wellington region there are numerous examples of laterally offset streams,
ridges and terraces indicating recent movement along faults. Paleoseismic work
has focused on these features, trench studies of major faults, and on interpretation
of raised Holocene beach ridge sequences at Turakirae Head, Rongotai and
Petone. These studies indicate that large surface rupture earthquakes such as the
1855 Wairarapa Fault event have been a feature of Wellington's history
throughout the late Quatemary. On the Wairarapa Fault there is geomorphic
evidence for at least seven earthquakes of similar magnitude in the late
Quaternary (Grapes, 1999). On the Wellington Fault there is evidence of five
large surface rupfure events in the last 14,000 years and several much older events
(Berryman, 1990). Trenches across the Ohariu Fault show evidence for at least
frve surface rupture earthquakes but timing is only known for the last event
(Heron et al., 1998). No earthquakes have been dated on the Shepherds Gully -
Pukerua Fault or the northern section of the Wairau Fault but both are known to
be active. The Wairau Fault is a major active strike-slip fault in the South Island
so a surface rupture earthquake on the northern section has serious implications
for Wellington. A full description of previous paleoseismic work is presented in
Chapter Seven.
1.3.4 Study Sites
Around the Wellington coastline are several waterbodies that are thought from
geomorphological studies to have been uplifted above mean sea level in large
earthquakes during the Holocene. Three sites were selected to examine for
evidence of past large earthquakes. Sites are located on different fault bounded
blocks and each is at a different stage of isolation from the sea (Fig. 1.2). Taupo
Swamp is a fresh water wetland about four metres above sea level lying between
the Shepherds Gully - Pukerua and Ohariu Faults. Okupe Lagoon is a brackish
lagoon about two metres above mean sea level that is surrounded by raised gravel
barriers. It is situated on the northeastern end of Kapiti Island between the
northern extension of the Wairau Fault and the Shepherds Gully - Pukerua Fault.
Lake Kohangapiripiri is a fresh water lagoon on Wellington's south coast almost
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half way between the Wellington and Wairarapa Faults. Small waterbodies with
small catchments were chosen to increase the possibility that they would contain
continuous Holocene sedimentary sequences. ln large estuarine systems, floods or
tidal currents can continuously deposit and erode packages of sediment whereas
smaller lagoonal environments are likely to behave more like enclosed lakes.
1.4 BACKGROUND TO APPROACH
l.4.1 Earthquakes in the Sedimentary Record
Introduction
In the mid to late nineteenth century geologists started describing surface ruptures
along fault lines resulting from contemporary earthquakes. By the early twentieth
century seismographs were being used to record earthquakes. These could provide
records of present day seismicity, and historical evidence provided records of
large earthquakes for a few centuries or even millennia back in time but usually
without reference to earthquake source. Only geological studies had the potential
to provide records of earthquakes on timescales long enough to enable
characterisation of individual faults. However it was not until the mid-nventieth
century that paleoseismology started to be regularly used (Yeats and Prentice,
1996). Development of paleoseismology was much enhanced with the availability
of radiocarbon dating, enabling quantitative estimates of slip rates, recurrence
intervals, or timing of individual earthquakes to be calculated. Radiocarbon dating
is still commonly used in paleoseismology, but a higher precision technique is
required to differentiate sequences of earthquakes occurring on the same fault
over a few decades (Yeats and Prentice, 1996).
Paleoseismology is based around the identification of linear or planer geomorphic
features that have been offset by an active fault, beach ridges or terraces that have
been raised or lowered relative to sea level, and the relationship between fault
strands and local stratigraphy in excavations across fault scarps. The sedimentary
record of lakes and coastal waterbodies can also be utilised as a source of
information about past large earthquakes. Sims (1975) showed that deformational
structures preserved in sand and silt layers within lake sediments can be attributed
to liquefaction during earthquakes under certain circumstances. Doig (1990) and
Karlin and Abella (1996) documented silty layers in organic-rich lake sediments
that are attributed to turbidite deposition resulting from earthquake-induced
landslides. Anomalously coarse-grained layers in lake sediments have also been
atffibuted, in the coastal zone, to deposition by earthquake-induced tsunami
(Hutchinson et a|.,2000). Development of high-resolution paleoenvironmental
reconstruction techniques in sea level studies, has opened another avenue for
paleoseismology, that is the recognition of earthquake induced uplift and
subsidence in sedimentary sequences of coastal environments.
Pacific Northwest of America and Canada
In Washington, on the west coast of North America, Atwater (1987) proposed that
six couplets of peat overlain by intertidal mud represented burial of lowland soils
in repeated coseismic subsidence events. On three occasions burial was associated
with deposition of sand sheets possibly caused by tsunami. Fossil trees showing
normal gowth until the year of death illustrated suddenness of submergence, as
did preservation of leaves and stems that were buried before decomposition could
take place (Atwater and Yamaguchi l99l). At some sites evidence of strong
ground shaking was present in the form of sand intrusions and vented sand
volcanoes (Atwater, 1992). Similar evidence for coseismic subsidence has since
been documented from British Columbia (Clague and Bobrowsky, 1994;
Mathewes and Clague, 1994), Washington (as above), and Oregon (Darienzo and
Peterson, 1990; Darienzo et al., 1994; Nelson et al., 1996a). Geological evidence
suggests that magnitude eight or greater earthquakes occur on the boundary
between the subducting Juan de Fuca plate and the overriding North American
plate roughly every 500 years but with a range of between 200 and 1300 years
(Clague, 1997).
Long and Shennan (1994) raised the point that organic-inorganic sediment
couplets superficially very similar to those attributed to repeated coseismic
subsidence in the Pacific Northwest, exist on passive margin coasts where they
are attributed to aseismic coastal processes. They called for rigorous testing of the
'earthquake deformation cycle' through application of litho- and biostratigraphic
techniques to document in detail the sea level changes taking place in these
sediments. ln particular they recommended use of pollen and diatom microfossil
analysis to assess sea level tendency (proximity of marine conditions) within and
across sedimentary units.
Ecological studies of estuarine environments in the Pacific Northwest have been
undertaken to improve reconstruction of past changes in such environments
(eg, Nelson and Kashima,1993; Hemphill-Haley, 1995a). Various studies
successfully used microfossils (Clague and Bobrowsky, 1994; Hemphill-Haley,
1995b; Nelson et al., 1996a) and traditional sea level techniques (Shennan et al.,
1996; 1998) to identi$ evidence of rapid sea level rise and confirm the coseismic
nature of these changes. Hemphill-Haley (1996) also used diatom microfossils to
confirm a seaward source for units inferred to have been deposited by tsunami.
The advantage of using microfossils for interpreting coastal sequences was
highlighted by Mathewes and Clague (1994) who showed that microfossil
analysis could detect small amounts of coseismic movement that left little or no
trace in lithology.
Nelson et al. (1996b) provide five criteria by which to assess sedimentary
sequences that may have a coseismic origin: suddenness and amount of
submergence, lateral extent of submerged wetland soils, coincidence of
submergence with tsunami deposits and synchroneity of submergence at different
sites. The more of these criteria that are met at increasing numbers of sites, the
greater the likelihood of a coseismic cause of change. Although designed in the
Pacific Northwest, these criteria should be applicable, with minor modifications,
to assessment of coastal sedimentary sequences in any seismically active part of
the world.
New Zealand
Paleoseismological work in New Zealand has concentrated on measurement of
physical features such as displacements along faults and raised beach ridges.
The sedimentary record has been used in fault nench studies where the
relationship between local stratigraphy and fault splays provides evidence about
recent fault movement. It has also been used in a paleoenvironmental context to
determine overall rates of uplift or subsidence (eg, Hull, 1986; Ota et a/., 1988,
1989 and 1995). However it is only very recently that workers have started to use
the sedimentary record to identify individual coseismic events using high-
resolution paleoenvironmental reconstruction techniques.
Evidence of a known historical earthquake, the 1855 Wairarapa earthquake, was
detected in the sedimentary record of Wellington Harbour using grain size
analysis (Dunbar et al., 1997). Chague-Goff et al. (2001) and Zachariasen et al.
(2000) used multidisciplinary approaches involving foraminifera, spores, pollen,
diatoms and geochemistry to identifiT possible subsidence events and a tsunami
deposit on the east coast of the North Island. Carter et al. (2000) used modern
analogue work with benthic foraminifera to define sudden relative sea level
changes likely to be the result of coseismic movement at several sites around the
North Island. Hill (in Benson et a1.,2001) identified earthquake events using
diatom analysis of core sequences from a pull-apart basin lake on the Awatere
Fault in the South Island. Coseismic events were identified as sudden changes in
water depth and sediment input, and most were correlated with events recognised
in a trench across the fault 500 metres away.
Several workers have attempted to identiff tsunami in the sedimentary record and
Goff et al. (2001) outline characteristics used to recognise such deposits. The
occurrence of tsunami in New Zealand is not directly related to New Zealand's
paleoseismic history because tsunami can be triggered by events other than
earthquakes, or by earthquakes elsewhere in the world. However tsunami
represent a risk to this country because of the long length of inhabited coastline.
Goff and McFadgen (2001) consider that tsunami and associated earthquake
events led to abandonment of the Palliser Bay coast by early Maori communities.
Identification of tsunami in the fossil record is desirable to start to quanti$ this
risk and for the additional information it can provide to the paleoseismic record.
Goff et al. (1998), and Goff and Chague-Goff (1999) outline sedimentological
evidence for tsunami triggered by the 1855 Wairarapa earthquake and three earlier
earthquakes on the Wellington and Wairarapa Faults.
I .4.2 Paleoecology
Paleoecology provides the underlying philosophy on which this thesis is based.
It is the study and description of past environments using geological and
paleontological evidence. Seven principles of paleoecology as outlined by Birks
and Birks (1980) are summarised below:
L Paleoecologt is a descriptive, historical science, it depends on
inductive inferences and reasoning 
- 
one observation leads to another
and extrapolations are made in an attempt to present generalisations
about nature.
2. The method of multiple working hypotheses is applicable 
- 
one must
consider as many reasonable explanations as possible, this will
encourage seeking ofnew evidence, and lead to rejection of
(hopefully) all but one working hypothesis.
3. Simplicity 
- 
let the simplest explanation sffice until more evidence is
available that requires a more complex explanation.
4. A sound taxonomy and appreciation of evolutionary processes is
essential.
5. The language of paleoecolog,t is primarily that of biologt and geologt.
6. The data of paleoecologt is often multivariate requiring multivariate




the present is the key to the past,
Paleoecological evidence consists of physical and chemical characteristics of
sediment and the type and preferences of fossils preserved in a sedimentary
sequence. This information is collected and analysed to provide a description of
the environment most likely to have produced the particular sedimentary deposit
and fossil assemblage encountered. The paleoenvironmental reconsfuction is tied
to a chronology, often using radiocarbon dates, to enable the age and duration of
the past environment to be determined. Certain assumptions are made in the
reconstruction process, for example, unless evidence exists to the contrary, it is
assumed that the fossil assemblage is representative of the initial living
community. Processes of transport, dissolution, and redeposition have to be
considered when interpreting a fossil deposit. Features such as concentration and
preservation of fossils can be used to judge whether the assemblage is a fair
representation.
Limitations of the fossil record mean that paleoecology is not directly comparable
to modern ecology. To carry out a typical ecological study of species-environment
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relationships at some time in the past, independent evidence as to the nature of the
past environment would be required. This is not usually extensive enough in the
fossil record and all inforrnation, including organisms present, has to be used to
deduce the nature of the environment. Quatemary paleoecology has the strongest
links to modem ecology because many organisms are still extant and
environmental preferences are unlikely to have changed dramatically. This
enables modern ecological studies of the environmental preferences and
tolerances of species to be utilised directly in paleoenvironmental reconstruction
from a fossil assemblage.
Use of modern ecological datasets enables quantification of reconstructions in
comparison with traditional paleoecological techniques which usually result in
qualitative or descriptive reconstructions such as 'a brackish lagoon of shallow
water depth existed in a climate wanner than that of today'. The need to quantiff
reconstructions has arisen recently in several sub-disciplines of paleoecology. For
example the acid rain debate of the 1980s required quantification of recent lake
acidification and the ability to objectively test hypotheses about the cause of
acidification (Birks, 1998). Quantification is also required in paleoclimate studies
because of their increasing use for predicting future climate change and because
of the high resolution of data required for effective decision-making. These
demands on paleoecological research, as well as developments in multivariate
statistics and computer technology, have resulted in the development of
procedures for achieving such reconstructions (Birks, 1998).
Modern ecological datasets specifically designed to contribute to
paleoenvironmental reconstruction are called 'training' or 'calibration' sets.
Diatom assemblages and environmental variables collected from a large number
of waterbodies are used to summarise relationships between species and the
environment. Species-environment relations derived in the present are applied to
fossil diatom assemblages to estimate characteristics of past environment
(Fig. 1.3). In this context, the ecological response of species to their environment
is referred to as a 'transfer function'- derived from modem data using regression
analysis and applied to fossil data using calibration. Calibration sets are being
used increasingly in Quaternary reconstruction work for several reasons:
l. They can be desigued to aid reconstruction of a particular
environmental variable of interest.
2. Multivariate statistical methods are now available that enable
quantitative estimates of past environment to be derived.
3. Modern samples are collected from locations similar to that of the
fossil environment so application of modern preferences to fossil
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Diatoms are single-celled, microscopic algae that live in aquatic environments
either as free cells, colonies, chains, or attached to a substrate. Apart from a few
rare species that can live heterotrophically in the dark, diatoms photosynthesize so
they need light and some moisture to live. Within these restrictions they can live
almost anywhere, in fresh and salt water, from the open ocean through to damp
soil. Most diatoms are between 0.005 and 0.1 mm in size so they can only be seen
with the naked eye when growing in large numbers where they form the brown
slime seen in puddles, on rocks in riverbeds, or in shallow water around lake
margins. The most distinctive feature of diatoms is the cell wall (frustule), which
is a fairly rigid structure made predominantly of silica with a thin organic coating.
Cell contents are effectively enclosed by a glass box with cell growth occurring
by movement apart of the base of the box and its lid (valves) and addition of
further siliceous components (girdle bands) to the walls of the box (Fig 1.4). Each
diatom species has a uniquely structured frustule enabling identification to species
level under a microscope.
Diatoms are important for many reasons, not least for the possibility that they
account for a fifth of the world's carbon production, more than that of all the
world's tropical rainforests (Mann, 1999). Diatomite, the sedimentary rock
formed by deposition of concentrated diatom frustules, has numerous and diverse
commercial applications such as beer and wine frltration, building materials,
pesticides and as an anti-caking agent (Harwood, L999).In the environmental and
earth sciences, applications result from five main attributes of diatoms:
l. Frustules are taxonomically diagnostic
2- Frustules are often preserved in large numbers after death
3. Diatoms are present in a wide range of environments
4. Species are sensitive to a wide range of environmental factors
5. Diatoms respond rapidly to environmental change
Living diatoms are used extensively to monitor water quality. Fossil diatoms are
used as biostratigraphic markers in many geological applications because they
have been present in the fossil record since the Cretaceous. Fossil diatoms of the
Quaternary are widely used for reconstructing past environments. Diatom species
in a fossil assemblage are identified, counted, and their preferences analysed to
enable reconstruction of particular environmental variables.
A very early application of diatom analysis to a paleoenvironmental problem was
tracking isostatic rebound in Scandinavia by identifying marine to freshwater
transitions in coastal lakes. This work continues today with increasing numbers of
studies continually refining sea level curves for different areas (eg, Stabell, 1980;
Kjemperud, l98l and 1986; Solem and Solem, 1997). More recently, extensive
use has been made of diatom analysis in the acid rain debate in Europe. The
sensitivity of diatoms to lake water pH enabled them to be used to determine pre-








Fig. 14. Silieeous cofiUron€nts ofa diatom cell wall.
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natural process or a result of increasing pollution (Battarbee, 1994). Diatom
analysis has only very recently started to be used in the field of paleoseismology,
but has already provided independent evidence for coseismic submergence events
and tsunami on the North American west coast (Hemphill-Haley, 1995a) as well
as being a useful addition to many paleoseismological studies.
In New Zealand diatoms have been used in water quality studies, biostratigraphic
work, and paleoenvironmental reconstruction. A number of surveys of fresh water
diatoms exist (Foged,1979; Cassie, 1989) and a checklist of New Zealand
diatoms is currently being updated (Cassie, 1984). However, apart from site-
related studies such as those of Porirua Harbour (Stidolph, 1980) and Kapiti
Island (Stidolph, 1985), there have been few surveys of brackish and marine
diatoms and there is a general lack of ecological work on species preferences.
The calibration set collected as part of this research will provide a measure of how
transferable preferences developed in the Northern Hemisphere are to species
living in New Zealand.It will also contribute to the use of diatoms for
reconsfruction of coastal sedimentary sequences.
1.5 SUMMARY OF APPROACH
This study attempts to detect the vertical component of movement during an
earthquake as recorded by relative sea level and water depth changes in coastal
waterbodies (Fig. 1.5). One of the greatest effects of a large earthquake on a
coastal waterbody is likely to be a sudden relative sea level change. This would
lead to changes to the connection with the sea, energy regime, sediment supply,
water depth and water chemistry. These physical and chemical changes would
result in large and immediate changes to flora and fauna. Strong shaking in a large
earthquake could also cause deformation of sediments, liquefaction, and
landslides in the catchment. Associated triggering of a tsunami could result in
inundation of the waterbody with marine water, sediment, and allochthonous flora
and fauna.
Some evidence of such catashophic changes is likely to be preserved in the
sedimentary record. Past environments are reconstructed from several sites and
environmental transitions are investigated to determine the history of such
occunences. Paleoecological techniques (Chapter Two) used to reconstruct past
environment include sedimentology for physical features and diatom analysis for
ecological aspects. Modem diatom assemblages and associated environmental
variables are collected from 50 coastal sites around New Zealand to provide
ecological information about diatoms living in the coastal zone at present
(Chapter Three). Emphasis is placed on use of this dataset for paleoenvironmental
15
Fig. l.5. Effects on a coastal waterbody of an earthquake involving vertical movement
of base level. Evidence of such changes may be preserved in the sedimentary record.
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reconstruction. Multivariate statistical analysis is used to determine which
variables strongly influence diatom species distribution and how this information
can be used to aid reconstruction. Species preferences and images are presented
(Appendix III and tV) to enable future workers to expand the modem dataset or
use it for reconstruction.
Holocene paleoenvironmental histories are established for Taupo Swamp, Okupe
Lagoon and Lake Kohangapiripiri (Chapters Four, Five and Six). Transitions in
depositional environment are investigated to determine likely causes of change.
Criteria used to differentiate between aseismic and coseismic causes of change
include suddenness, amount, lateral extent, synchroneity and coincidence with
tsunami deposits (Nelson et al., 1996b). Age estimates for each transition are
provided by radiocarbon dating. Quantitative estimates of change in waterbody
type and paleosalinity are derived through comparison of fossil samples with
modern samples and through application of a transfer function derived from the
modern dataset. Quantification of variables is considered useful because it
provides numerical estimates of amount of environmental change, a key
characteristic for determining whether change is coseismic in origin. Paleoseismic
evidence at each site is compared with Wellington's existing paleoseismic record
to determine what contribution such coastal sequences can provide (Chapter




2.1 SCOPE OF CHAPTER
This chapter covers paleoecological methods used to reconstruct past environment
from Holocene sedimentary sequences. Many of the laboratory and diatom
analysis techniques are common to samples in the modem calibration set, for
example grain size, diatom processing, identification and counting. However most
techniques used in construction of the modern calibration set are outlined in
Chapter Three. In this chapter, material is subdivided into field techniques
(section 2.2),laboratory techniques (section 2.3), diatom analysis (section 2.4)
and methods of detecting earthquakes in the sedimentary record (2.5).
2.2 FIELD TECHNIQUES
2.2.L Site Selection
Three broad criteria were used to select sites that were likely to consist of
continuous Holocene sedimentary sequences containing evidence of large
paleoearthquakes.
1. Coastal sites under ten metres in elevation were selected to enable
marine-terrestrial transitional sequences to be studied.
2. Small, low energy waterbodies with small catchments were chosen to
lessen the possibility of sequences being affected by movement of
sediment within the waterbody or large scale erosional / depositional
events from the catchment.
3. Sites where geomorphological or historic studies indicated that vertical
coseismic movement had occurred were favoured over those without
such evidence.
All waterbodies fitting these criteria in the wider Wellington region (from Levin
in the west to Riversdale in the east) were probed or had preliminary cores taken
from them. Wetlands and coastal lakes on the west coast north of Paekakariki are
numerous but were discounted because dominant controls on their history are
ponding by sand dunes and aggradation (Cotton, 1918) rather than tectonic
influences. Waterbodies on the east coast are less numerous and contain only very
short sequences. The three sites selected, Taupo Swamp, Okupe Lagoon and Lake
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Kohangapiripiri, have sequences that extend back 5000-7500 years (Table 2.1,
this Chapter) in addition to the above criteria.
2.2.2 Coring
Sediment cores were taken using a Russian sampler (Jowsey, 1966). The sampler
has a semi-cylindrical chamber of 5.5 cm diameter and 50 cm length (Fig. 2.1). It
samples sediment by rotation of this chamber into an undisturbed section of
sediment. The addition of extension rods between the sampler and a T-bar handle
enables successive depths to be collected. Although the Russian sampler only
collects 50 cm lengths at a time, continuous sampling can be achieved through
careful measurement of depth of penetration at each stage. Design of the auger
head and fin flange has been improved from the Hiller sampler to limit
contamination by fibrous plant remains (Aaby and Digerfeldt, 1986). A
compressed-air vibracorer and piston corer were tested at Taupo Swamp and Lake
Kohangapiripiri but these corers were unable to penetrate sediment as deeply as
the Russian sampler.
Fig.2.I. The Russian sampler used to collect cores. The D-shaped core barrel,
T-bar handle, extension rods and plastic pipe used to transport core material are
pictured.
The Russian sampler was operated by two to four people working from a wooden
platform on a muddy surface or in shallow water. At each site coring proceeded
until the compactness of sediment or an increase in grain size prohibited deeper
penetration. Basement rock was not reached at any site. Lengths of cores collected
ranged from 200 cm at Okupe Lagoon to 650 cm at Lake Kohangapiripiri. Basic
logs of core sections were recorded in the field; cores were sealed in plastic,
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labelled and placed in split plastic downpipe tubing for transport and storage.
They were stored at two degrees Celsius in the School of Earth Sciences' cold
room.
2.2.3 Surveying
Core positions were determined using aerial photos and NZMS 260 l:50,000
maps. Surveying was used solely to measure heights above mean sea level. A
SOKKIA electronic distance meter (EDM) was used to measure elevation
difference between core sites and a local point of known height. At Taupo Swamp
an order-one benchmark (geodetic code: AC09) was used to calculate heights of
all cores. At Lake Kohangapiripiri an order-five lighthouse (BOXV) was used and
checked against a spot height in the vicinity. At Okupe Lagoon a trig station was
used and checked against tidal measurements over a week. In each case the EDM
was set up in a stable position where both the core sites and points of known
height could be seen. Prisms were set at the same height as the EDM to simplifu
reduction of levels.
Errors taken into account included benchmark height errors (which are related to
the square root of distance from the original datum), measurement errors and
instrument enors. The low precision of benchmarks available at Okupe Lagoon
and Lake Kohangapiripiri were factors that introduced the greatest effors.
2.3 LABORATORY TECHNIQUES
2.3.1 Core Description and Sampling
Cores were described and photographed in the sedimentology laboratory at
Victoria University soon after collection (Appendix I). The convex side of each
semi-cylindrical section of core was used for description because it was
uncontaminated by fluids or mud that entered the core hole during sampling.
Sedimentary units were defined for each core sequence using grain size, organic
content, carbonate and visual core descriptions. Colour was described using
Munsell Soil Charts. Contacts, sedimentary features, inclusions and macrofossils
were also described. Core logs were summarised onto single pages to illustate
sedimentary units, contacts between units, and additional features such as
macrofossils and mottles. These summary logs were checked against original
cores to ensure no information had been lost or exaggerated in the process of
combining all data and summarising logs.
Samples were removed for grain size analysis, diatom analysis and radiocarbon
dating. At each sample position surface sediment was removed from the core with
a spatula. Grain size samples of about 20 g of sediment were taken approximately
every 50 cm or where there were obvious changes. Diatom samples of one gram
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of sediment were taken every ten centimetres and later at five centimetre intervals
when significant horizons had been located. Large pieces of wood and shell, and
occasionally intervals of organic sediment, were removed for radiocarbon dating.
All samples were placed in weighed glass beakers, oven-dried ovemight, then left
for four hours to cool. They were weighed again and initial beaker weights were
subtracted to provide dry sample weights.
2.3.2 Radiocarbon Dating
Radiocarbon dating of wood, shell and organic sediment samples was carried out
to provide a chronology for the sedimentary sequences. Samples were washed in
distilled water to remove extraneous material, oven-dried ovemight, weighed and
submitted to a radiocarbon dating laboratory for full pretreatment and analysis.
An initial batch of samples from near the base of each core was submitted to
determine the age of sequences being analysed. A final batch was submitted for
dating once significant horizons had been identified. Most samples were dated by
standard methods at the Waikato Radiocarbon Dating Laboratory. Samples of
small volume or low carbon content were dated by Accelerator Mass
Spectometry at the Rafter Radiocarbon Laboratory, Lower Hutt.
A table of details of all l9 radiocarbon-dated samples is provided (Table 2.1). All
dates occur in chronostratigraphic order in each core sequence except in two
cases. There are two samples likely to have produced these results, and because of
their questionable reliability they have been omitted from further use. Sample
NZA I1828 was an organic sand sample, which is not a good material to
radiocarbon date because the high-energy environment required to deposit sand is
likely to deposit reworked older fragments of organic material as well. The risk of
submitting this sample was taken because it was the only material available near
one of the major environmental transitions at Okupe Lagoon. Sample Wk 8096,
although a reliable dating material, was a long thin twig that could have been
dragged to a greater depth during coring giving an age too young for the
sunounding sediments. Sample Wk 8353 is in chronological order but it was also
an organic sand so is ffeated with some caution.
Ages are presented in the text as calibrated ages at the 2-sigma(95 %) confidence
interval. Accumulation rates are calculated using end-member values of the
2-sigma age brackets of each date to estimate a maximum and minimum rate.
Horizons of interest are either directly dated or ages are estimated by interpolation





























































1 sigma 2 sigma



















-30.5 2460 +/- 80
-25.9 1830 +/- 160
-26.1 4984 +/- 56
-30.7 1450 +/- 140
-29.5 2470 +l- 60
-29.5 3010 +A 230
-1.4 4940 +f 60
-27.6 580 +/- 130
-27.9 1210 +/- 80
-28.5 4530 +A 60
-0.3 3360 +f 140
1.0 4780 +/- 150
-29.3 1 100 +/- 80
















































Table 2.1. Radiocarbon age results
a Conventional radiocarbon age before present ( I 950 AD) after Stuiver and Polach, I 977,
Radiocarbon 19: 355-363. This is based on the Libby half-life of 5568 years with correction for
isotopic fractionation applied.
oCalibrated age in calendaryears after Stuiver et al., L9gS,Radiocarbon 40(3): l0al-1083.
I sigma range (68% probability) and 2 sigma range (95o/o probability) reported.
" Wk: The University of Waikato Radiocarbon Dating Laboratory; NZA: lnstitute of Geological
and Nuclear Sciences Rafter Radiocarbon Laboratorv
*Samples omitted from further use, see text.
t Dates previously cited in Goffel al., (2000).
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2.3.3 Grain Size Analysis
Grain size analysis was carried out to define different sedimentary units in the
cores and thereby aid description of past depositional environments. Analysis
involved determining proportions of organic matter, carbonate, sand and mud
following the procedure of Barrett and Brooker (1989). Proportions were
measured in dry weight so samples were dried and weighed at the beginning and
after each stage of processing. Samples were digested in 27%hydrogen peroxide
to remove organic matter and heated in32% hydrochloric acid to remove
carbonate. Sediment was then sieved through a 60-micron mesh to divide it into a
fine fraction (proportion of mud) and a coarse fraction (proportion of sand).
Sedimentary units were defined according to percentage of sand (Table 2.2).
Sediment consisting of greater than 50% organic matter was defined as peat and




Mud 0 % sand
Sand-poor Mud < 20 % sand
Sand-rich Mud 20 - 50 % sand
Muddy Sand 50 - 70 % sand
Sand >7O%sand
Table 2.2. Defrnitions of sedimentary units according to percentages of sand
and organic matter.
2.3.4 Diatom Processing
Sediment samples were chemically and physically processed to concentrate
diatom frustules and facilitate diatom identification and counting. The procedure
used is similar to that outlined by Battarbee (1986) and Hinchey and Green (1994)
with modifications made by Harper (pers. comms., 1997) and the author (see
below). Care was taken to ensure the laboratory, glassware and all equipment was
clean. Measures were also taken to avoid contamination between samples.
Processing took place in batches of eight samples to match centrifuge capacity.
Chemical treatment was carried out in 100 ml glass beakers in a fume cupboard
using hydrogen peroxide to digest organic material and hydrochloric acid to
remove carbonates. Approximately 20 rnl of 27Yo hydrogen peroxide was added
slowly to each sample. Highly reactive samples were left ovemight before
heating; others were heated after about ten minutes. Heating was carried out on a
hot plate with samples kept below boiling point to avoid damage to diatom valves
and contamination by splattering. Samples were heated for half to two hours until
no visible organic material remained and the residue became whitish. About
23
10 ml of 32o/o hydrochloric acid was added slowly to the remaining solution of
each sample. This was gently heated until visible reactions ceased. A few of drops
of HCI were added to check that no calcareous material remained. Samples were
transferred into 45 ml plastic centrifuge tubes and rinsed with filtered water four
times, being spun in the centrifuge each time at 3000 revolutions per minute (rpm)
for five minutes.
Physical processing of samples involved removing sand grains (generally larger
than diatoms) and clay particles (generally smaller than diatoms). To remove sand
each sample was suspended in 40 ml of filtered water in a centrifuge tube with a
lid, each tube was shaken for 15 seconds, allowed to settle for 45 seconds, and the
solution was poured off into a new tube. Sediment remaining in the original tube
was discarded, and the shaking and settling process was repeated so samples
ended up in their original tubes. The timing of this process meant it was most
efficiently carried out in batches of four. For very sandy samples the sand was
resuspended before being discarded to collect as much of the fines as possible.
Clay was removed by resuspending samples in filtered water with six drops of
dilute sodium hexa-metaphosphate (calgon) and centrifuging at 1800 rpm for
three minutes. Cloudy solution was discarded, the tubes refilled with filtered
water, centrifuged and the process repeated until the solution became clear. This
took between two and ten washes. An additional wash with centrifuging at 3000
rpm for five minutes was done at the end to ensure the sample was clean.
Processed samples were diluted to a measured volume, shaken vigorously and a
measured aliquot of suspension was pipetted into a new tube. This was diluted
with filtered water to 30 ml and poured into a Battarbee tray containing four
coverslips. Volumes of dilution and aliquots were experimented with to get the
right concentration of valves on the slip for counting. In general, every 0.5 ml of
processed sample was diluted to l0 ml and a 0.5 ml aliquot was taken. The
suspension in the tray was left to settle in a stable, dust-free environment. After
eight hours liquid was removed from the surface of the trays by gentle pipetting to
speed up evaporation and minimise the precipitation of salts onto the coverslips.
When coverslips had dried completely they were mounted onto labelled
microscope slides on a hot plate using naphrax diatom mountant. The naphrax
was allowed to bubble gently between the coverslip and slide for a few seconds
then the slides were removed from the hot plate and left to cool. Coverslips were
tapped with a toothpick to remove bubbles if they were present. These permanent
mounts are stored in the paleontology section of the School of Earth Sciences,
Victoria University of Wellington. Sample residues are also being stored in five
millilitre phials with dilute formalin solution.
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Checks were made at several steps of the above procedure to determine whether
excessive or preferential loss ofdiatom valves occurred at any stage. This
involved collecting discarded material at four stages:
l. Suspension poured off after settling for eight hours in beakers
2. Suspension poured off after centrifuging at 3000 rpm for five minutes
3. Discarded sand fraction
4. Suspension poured off after centrifuging at 1800 rpm for three minutes
Waste material from eight samples was collected, reduced by gentle heating,
mounted onto coverslips and scanned under the microscope. Numbers of diatoms
were considered too small to enable precise estimates of loss to be calculated but
surveys were sufficient to satisfy the author that there was no excessive loss of
diatoms during processing. Relative numbers indicate that twice as many valves
are lost during decanting by hand and in the sand removal step than are lost when
the centrifuge is used. This acted as a reminder that care must be taken during
sand removal with an extra resuspension step used for very sandy samples, and
decanting by hand was avoided. Preferential loss of small diatoms of a variety of
shapes occurred in steps one, two and four. However, diatoms as small as 2-3
microns long were numerous in fully processed samples, so although proportions
of small diatoms may be underestimated, they are not completely removed during
processing.
2.3.5 Other Microfossils
Foraminifera and pollen grains were used to answer specific questions. Samples
were obtained from the stored cores and processed according to standard
techniques. To concentrate foraminifera from estuarine mud, water and sodium
carbonate were added to the sample and left for an hour. This mixture was sieved
through a 75-micron mesh sieve until the water ran clear. Samples were dried and
examined on a black tray under a binocular microscope. Samples for pollen
analysis were treated with HCI to remove carbonates, HF to remove siliceous
material, acetolysis to remove cellulose, and were mounted on microscope slides
in glycerol jelly (Moore and Webb, 1983).
2.3 .6 Macrofossils
Macrofossils encountered in the cores during sampling were removed and washed
for identification. Wood and seeds were usually described then used for
radiocarbon dating. Most shells encountered were Austrovenus stutchburyi, others
were identified by Stephen Eagar and their environmental preferences were taken
from Beu and Maxwell (1990).
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2.4 DIATOM ANALYSIS
2.4.1 ldentification and Taxonomy
Diatoms were examined at x1600 magnification under an oil immersion objective
onaLeitz microscope with differential interference contrast. Each species or
morphological form was measured using an eyepiece micrometer, drawn,
described and photographed. These details were catalogued on index cards to
provide a permanent record and aid consistency of identification. Species were
identified with reference to standard diatom floras including Krammer and Lange-
Bertalot (1986-1991), Hartley (1996), Hendey (1964), Hustedt (1985), John
(1983), Lange-Bertalot (1993), Patrick and Reimer (1966 and 1975), Foged
(1979) and Witkowski er al. (2000).
Species' names generally follow those presented in Krammer and Lange-Bertalot
(1986-1991). Where a different flora had to be used to initially identiff a species,
the name presented in that flora is used (see Appendix II). This is generally the
case for brackish and marine species for which Witkowski et al. (2000) was used
most extensively. Although many species have been placed in new or different
genera since the compilation of "Stisswasserflora von Mitteleuropa'n (eg, see
Round et al., 1990), this remains one of the best floras for identiffing species
under light microscope. The consistency gained from following one flora
predominantly will make updating of taxonomy simpler when a light microscope
identification guide using new genera is available. Species that did not fit any
existing description were placed in genera and given numbers. Some of these
were examined under a Scanning Electron Microscope (SEM) to get more
information about their structure, but the abundance of many was too low for
them to be found under the SEM.
2.4.2 Counting
Counts were made along randomly selected transects, with four transects, one
from each of four coverslips, used for each sample. For core and death
assemblage samples at least 400 diatom valves were counted. This figure is
between the generally accepted totals for such studies of 300 to 600 valves
(Battarbee, 1986). Trial counts were made on five samples from the base of Taupo
Swamp to investigate the relationship between counts, species and percentage
abundances. One thousand valves were counted and the number of new species
per 100 valves was recorded (Fig. 2.2). These samples have the most diverse
diatom assemblages encountered in the fossil sequences and new species are still
occurring after a count of 900 valves. However Patterson and Fishbein (1989)
show that number of species present in an assemblage has no bearing on number
of counts required to accurately measure percentage abundances, and the main
interest for this study is percentage abundance of species rather than total
diversity of the assemblage. Percentage abundance of moderately abundant
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species (8-35% of total assemblage) appears to reach a plateau once 400 valves
have been counted (Fig. 2.3). Greater counts (600-800 valves) are required to
accurately measure percentage abundance of species making up less than about
3% of the total assemblage (Fig. 2.a). However no use is made of rare species as
indicators in this work so extra counts could not be justified.
400 500
Fi5.2.2. Plot showing the increase in diatom species with increasing count totals
for five samples from the base of the Taupo Swamp sequence.
Where samples were poorly preserved or had very low concentrations of diatoms,
scans would be made of the slides and as many valves as practicable would be
counted, usually over 100 but occasionally less. Such counts were suffrcient for
assessing whether samples belonged to the same assemblage as the surrounding
samples or not. In most cases past environment of poorly preserved samples
could be infened from proximal well preserved samples but where they differed,
little weight was given them. Where a sample was dominated by one species, for
example Fragilaria pinnata, considerably more than the standard number would
be counted, often excluding the common species after a proportion of the count,
in order to determine what other species were present in the assemblage.
Fragments of diatoms were counted as one if at least half the valve was present in
the field of view and if the whole valve, when complete, would have either been
entirely in the field of view or off to the left side. Fragments were distinguished
from whole valves so that proportions of broken valves could be used as an
environmental indicator if appropriate. Fractions of diatom valves (whole valves
that are only partially visible in a given field of view) were counted as one if at
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Fig. 2.3. Plot showing change in percentage of total assemblage for each of five
abundant species in sample TS97-l: 510, with increasing count totals.
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Fi5.2.4. Plot showing change in percentage of total assemblage for each of nine
less abundant species in sample TS97-l: 510, with increasing count totals.
0
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on the right side of the field of view were disregarded to reduce the bias towards
large valves that counting fractions causes (Laws, 1983).
2.4.3 Concentration
Estimates of diatom valve concentration in the sediment were calculated for trvo
main reasons. Diatom concentration can be used directly as an environmental
indicator because diatom productivity varies markedly across a coastal gradient.
Diatom concentration was also required to construct absolute diatom abundance
plots, which were considered necessary in addition to percentage abundance plots
because of the limitations of the latter and the potentially large range in
concentration of environments being reconstructed. The problem with percentage
plots is that values for each species are not independent ofeach other and each
sample sums to 100% despite the possibility of very few valves being present in
some samples (see Birks and Birks, 1980).
The difficulty of calculating precise and accurate diatom concenfrations has been
demonstrated (Wolfe, 1997). The main requirement of this research is the ability
to compare fossil and modern samples and between cores within the project rather
than requiring correct absolute numbers. For this reason care was taken to ensure
the same slide-making techniques, and methods of calculating concentration, were
used for all samples. In such a case concenffation measurements should be fairly
reproducible (Wolfe, 1997).
Two commonly used methods for deterrnining diatom concentration are the
addition of known quantities of external markers such as microspheres or pollen
and the use of evaporation trays (Battarbee, 1973). The evaporation tray method
was chosen because this results in valves being randomly and evenly distributed
over the coverslip so concentration can be reliably calculated from a specified
area, also the likelihood of counting a good representation of the initial diatom
assemblage is greater, and errors resulting from size sorting across the slip are
reduced.
Battarbee trays were constructed from aluminium in Victoria University of
Wellinglon's mechanical workshop according to the design of Battarbee (1986).
Samples were evaporated and made into slides as described above. Transect
length and width of field of view were recorded during counting so that the area
counted could be determined. An estimate of diatom concentration was calculated
for core and death assemblage samples using the following equation:
Total valves = valves counted x area of evaporation ffay x sample volume
area of coverslip counted aliquot volume
Concentrations are expressed as valves per gram of sediment after dividing the
total valves by the dry weight of initial sample used.
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The preservation of diatom assemblages was estimated qualitatively through notes
about evidence of dissolution made during counting and the proportion of broken
valves present. A simple indication of the diversity of diatom assemblages was
provided by calculating the number of species present (species richness) as a
proportion of the total number of valves counted.
2.4.4 Ecological Preferences
Introduction
Scientists have recognised, at least since the mid to late nineteenth century, that
diatoms have a variety of life forms and specific ecological preferences. [n the
early twentieth century the potential of these preferences for paleoenvironmental
reconsffuction was recognised and since then efforts have been made to determine
ecological distributions of individual species. Documentation of species
preferences has occurred through specifically designed autecological and
synecological studies as well as from many isolated observations. Although
ecological knowledge and understanding of individual diatom species is far from
complete, there is enough published information to enable paleoecologists to
group species according to habitat, salinity, pH, nutrient content, water depth /
moisture, oxygen requirements and a number of other environmental factors.
Habitat and salinity were chosen as the two environmental variables likely to be
of most use in the reconstruction of coastal waterbody types. An ecological survey
of diatoms living in coastal environments in New Zealand was carried out as part
of this project and species' preferences for salinity are derived (Chapter 3).
However prior to development of the modem calibration set, traditional
techniques of ecological classification were used to aid initial interpretation of the
sedimentary sequences. Various studies and references were used to place
individual species into ecological categories (eg, Van Dam et al.,1994; Round er
al.,1990 and the above floras, see Appendix III).
Habitat
Within a waterbody there are a number of habitats that diatoms can occupy
including the water column, the sediment surface, and surfaces of plants, rocks,
other algae and even animals. Species have favoured habitats, which enable them
to be grouped into habitat categories and utilised in the description of past
environments. Many species can live in more than one type of habitat so
inferences about past environment are resfficted to being fairly general. However,
relative proportions of planktonic and benthic forms can provide information
about water depth and sand-, mud- and plant-dwelling forms can give indications
about factors such as energy regime and macrophyte growth.
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The main distinction in habitat classification is between phytoplankton and
phytobenthos (or periphyton). Phytoplankton live in the water column and can be
further classified according to size or persistence in the water column. For
example some species live their whole life cycle in the water column while others
have resting stages in the sediment. In this work only tychoplankton (or
pseudoplankton) are differentiated from plankton. Tychoplankton come from
other habitats but are often found in the plankton in shallow or turbulent water
environments. Phytobenthos are subdivided into haptobenthos, which live
attached to surfaces either directly or via a stalk, and herpobenthos, which are
unattached and can move freely through sediments. 'Aerophilic' is the term used
for diatom species that can live out of waterbodies on soil or the surfaces of trees,



















Attached to sand grains
Free-ranging on sediments
Muddy sediment surface
Out of waterbodies on moist or drv surfaces
Table 2.3. Habitat categories into which diatom species are grouped.
Salinity
Saliniry is a major factor controlling diatom species distributions (Denys and
de Wolf, 1999). Each species has an ecological optimum in fresh, brackish or
marine waters. Species also have ecological tolerances for salinity with some able
to tolerate wide ranges of salinity and others only a very narrow range. The
combination of diatoms being sensitive to salinity, diatoms being present across
the whole salinity gradient (unlike many microfossil groups), and salinity being a
useful indicator of marine influence in the coastal zone, has meant that diatoms
are indispensable for reconstruction of paleoenvironments that traverse the
marine-fresh water boundary.
Numerous classification systems have been developed for diatom salinity
preferences (see summary in Juggins, 1992). Early 'halobian' systems were
designed for particular regions but these have been modified for general
application. Most systems are based around salinity preferences but some also
take tolerance into account. Diatoms were classified in this project into one of
eight categories (Table 2.4) based on the system devised by Werff (as cited in
Juggins, 1992). Some category names have been changed for additional clarity
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and two indifferent categories are included to cover species with particularly wide
tolerances. The marine (>30 g l-l) category was not required because no open
marine environments were being reconstructed. One reason this system is useful
is because a key source of ecological information on diatoms (Van Dam et al.,
1994) uses the same four categories at the fresh end of the scale to classiff 948
taxa found in the Netherlands. Information about preferences of taxa is taken from
numerous references (Appendix III).
Table 2.4. Salinity categories into which diatom species are grouped.
Salinity is quoted in grams per litre (e l-t).
2.4.5 Data Presentation
Raw diatom counts were entered into an EXCEL spreadsheet, which consisted of
a species versus depth matrix and formulae for calculating proportions and
concentrations of each species at each depth (Appendix VI). Species were then
grouped into categories of habitat and salinity preference (as defined above) and
new spreadsheets of these groupings were constructed. Percentage abundance and
concentration plots against depth and time were produced using the plotting
prograrnme PSIMPOLL. Percentage abundance plots were found to be useful for
comparing proportions of ecological categories and deducing likely characteristics
of past environments, whereas concentration plots provided an indication of
relative productivity / preservation of different environments. Zones were defined
for each sequence by grouping intervals of similar diatom concentration and
composition. Zone boundaries were placed at the mid-point between two samples
unless a sediment boundary occurred within the interval, in which case it was
placed at the sediment boundary.
2.5 DETECTION OF EARTHQUAKES
2.5.1 Introduction
Paleoenvironmental histories constructed using high resolution sedimentology and
diatom analysis are used as the basic information from which to detect evidence
of earthquakes in the sedimentary record of coastal waterbodies. A comprehensive
approach for such work has been developed and described from the Pacific


























et al., 1994; Mathewes and Clague,1994; Nelson et al., 1996a,1996b; Shennan el
al., 1996,1998). Although designed for a specific tectonic setting dominated by
repeated coseismic subsidence and interseismic uplift (Clague, 1997), the general
characteristics of the approach are applicable to assessment of coastal sequences
in New Zealand. Changes in paleoenvironment are identified and transition
horizons are assessed according to criteria designed to differentiate between
coseismic and aseismic causes of change. Presence of a single criterion cannot be
used to infer an earthquake because aseismic processes can usually explain each
feature in isolation. Even recognition of several criteria at a single site does not
denote the occurrence of an earthquake but the likelihood of a coseismic cause of
change becomes greater as more criteria are met at more sites (Nelson et al.,
1996b). Criteria are discussed fully by Nelson et al. (1996b) so only a brief
introduction and considerations specific to this project are outlined below.
2.5.2 Suddenness of Change
Macrofossils such as trees or shells preserved in life position can be a good
indication of suddenness of change (At'water and Yamaguchi, 1991) but these are
rarely encountered in core sequences. Therefore factors used to assess the
suddenness of change in this study include the nature of the sedimentary contact
and the nature of the biostratigraphic contact. Where there is no evidence for
erosion at the contact, the distance over which diatom assemblages change
completely is used to assess suddenness. Gradual relative sea level change results
in gradual shifts in species composition of diatom assemblages, for example with
brackish species gradually replacing fresh species and then being replaced by
marine species (Fig. 2.5). When a sudden change occurs, the distance in the
sedimentary sequence over which such shifts occur is small.
2.5.3 Amount of Change
Many processes acting at scales ranging from global to local can cause apparent
changes in elevation in coastal waterbodies for example, sea level change,
sediment accumulation or erosion and tectonic movement of base level. At sites
open to marine influence, traditional sea level techniques can be used to recognise
relative sea level changes and estimate the amount of change in elevation.
Traditional sea level techniques are based on the identification of sea level index
points which are coastal features of known elevation and age (van de Plassche,
1986). The indicative meaning of a sea level index point is the vertical distance
between an index point and a former reference water level (eg, mean high water,
highest astronomical tide etc) and the indicative range is the uncertainty related to
this distance (Nelson et al., 1996b). The tendency of a sea level index point
describes whether the point reflects a movement of marine water toward or away
from a site (not necessarily indicating a rise or fall in sea level).
33
Once such features have been identified in a sequence, the challenge remains to
separate the various influences causing inferred relative sea level changes.
::Hl",ff:];H ff ilT f"ffi?
Fig. 2.5 Idealised scheme for diatom assemblage shifts occurring as a result of
relative sea level rise (from Denys and de Wolf, 1999). Note the gradational
nature of changes to diatom assemblage composition.
Net changes in relative sea level at a particular site can be obtained by
determining the height of a sea level indicator above or below the level at which a
similar feature is forming at present. However studies involving detection of
earthquakes in the sedimentary record are more concemed with amount of change
in paleo-elevation across horizons thought to be coseismic in origin than with net
changes over time. Nelson et al. (1996b) suggest an inferred change of greater
than one metre is more likely to be coseismic in origin than changes involving
less than half a metre. This is because many small-scale coastal processes can
affect elevation by half a metre or less but would rarely affect it by more than this.
Identification of ffansitions that are coseismic in origin but involved less than a
metre of vertical movement would relv on other criteria.
Sediments can be used to provide a broad indication of former sea levels but the
most reliable sea level indicators are organic remains in growth position for which
relationships between sea level or water table level can be established (Kidson,
1986). Diatoms have been used extensively in sea level studies but emphasis has
been on reconstructing salinity of paleoenvironments rather than elevation with
respect to a reference water level. Palmer and Abbott (1986) refer to diatom-based
sea level index points as the elevation and age of a salinity change inferred from
[l Barren Earen
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diatom assemblages relative to a reference water level. Recently there have been a
number of ecological surveys relating diatom assemblages directly to tidal
elevations (rather than using salinity as a proxy). Most studies indicate that three
zones related to tidal elevation can be clearly defined by diatom assemblages
(Nelson and Kashim a, 1993:' Hemphill-Haley, 1 995b ; Zong and Horton, 1 998).
However the vertical range of each zone can be large and the elevation of zone
boundaries is likely to vary across regions because of differing hydrological
regimes. Additional microfossil groups such as foraminifera and pollen can be
used to improve the zonation and refine estimates of past tidal elevation (eg,
Shennan et al.,1996\.
At sites completely isolated from marine influence, vertical movement of base
level is likely to manifest itself as a change in relative water table level. Relative
water table level may also change in response to hydrological changes or
sediment accumulation or erosion. Diatoms can be used to infer changes to water
table level through the effects that water depth has on diatom assemblage
composition. Benthic, sediment-dwelling diatoms dominate in shallow water and
planktonic species dominate in deeper environments (Campeau et al., 1999)-
A sea level curve for the New Zealand region indicates that sea level has
remained fairly stable over the last 6500 years with a minimum level of -40 cm at
4500 years BP and a maximum of about +50 cm at 3500 years BP (Gibb, 1986).
Therefore any relative change in sea level greater than this or occurring at a
different time is likely to be the result of other factors such as sediment transport
or tectonic movement of base level. Gravel barriers exist between the waterbody
and sea at all three sites investigated in this project so it is acknowledged that
sediment transport and deposition have had an impact on the history of these
waterbodies. Barrier closure and breaching are considered as potential causes of
environmental transitions recognised at the study sites.
A major limitation in the estimation of amount of change is the lack of
information regarding the distribution of diatom species in relation to sea level in
New Zealand. Because of the general paucity of ecological information on
diatoms in the coastal zone of New Zealand, a broad survey of different
waterbody types was considered to be a greater priority than a high resolution
tidal elevation survey. For this reason detailed estimates of change in elevation
are not attempted at this stage. In this study evidence for relative changes in sea
level or water table level is sought using diatom analysis but instead of attempting
to quantiff change in elevation, quantitative estimates of the amount of
paleoenvironmental change are used to assess the magnitude of change. These
estimates of change in waterbody type and paleosalinity are derived using the
coastal diatom calibration set (Chapter Three) and are thought to act as reliable
proxies for elevation.
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A coseismic cause of change is only inferred where a large magnitude change in
paleoenvironment is associated with qualitative evidence for vertical movement of
base level.
2.5.4 Lateral Extent
The lateral extent of contacts formed by environmental transitions within a
waterbody can be indicative of the cause of change. For example contacts formed
by a sudden coseismic movement of base level will be of lagoon-wide extent
whereas those formed as a result of sediment accumulation or erosion in a flood or
storm event are more likely to be localised. Multiple cores within a waterbody are
required to differentiate between localised aseismic contacts and more extensive,
potentially coseismic, contacts. Lateral extent of coseismic contacts can also be
used to help determine ezuthquake source 
- 
contacts recognised at a few closely
spaced waterbodies are likely to be the result of movement on a small surface
fault and those recognised over a large region suggest movement on a major fault
such as a subduction interface (Nelson et al., 1996b).
2.5.5 Synchroneity
Environmental transitions formed by coseismic movement of base level are
synchronous both within waterbodies and across the region affected by the
earthquake. Many aseismic coastal processes resulting in sediment accumulation
or erosion are time-transgressive within a waterbody, and where aseismic
processes result in synchronous changes within a waterbody (eg, barrier closure or
breaching), they are unlikely to result in synchronous changes across different
waterbodies. Use of this criterion is limited by the resolution of available dating
techniques but synchroneity within the bounds of the dating technique should be
established to support a coseismic cause of change.
2.5.6 Coincidence with Tsunami Deposits
Tsunami triggered by large earthquakes can lead to marine inundation of large
areas of coastal lowland. In the Pacific Nonhwest of America and Canada
evidence for inundation of tidal wetland systems generally takes the form of sand
beds that thin and fine inland. Sand is considered to represent an unusual
depositional event in environments dominated by mud and peat. Microfossils
within sand units are derived from marine or subtidal estuarine environments
(Hemphill-Haley, 1996). Tsunami deposits have been recognised in New Znaland
but many diagnostic characteristics, often involving multidisciplinary approaches,
are required to provide a definitive identification (Goff et a1.,2001). Tsunami
deposits are regarded as an additional criterion because tsunami will only leave a
sedimentary deposit if there is an available source of sediment and favourable
wave characteristics, and the usually thin deposits will only be preserved if left
undisturbed by sediment mixing and bunowing (Nelson et al., 1996b).
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2.5.7 Coincidence with Evidence for Catchment Disturbanoe
Strong ground shaking in an earthquake frequently causes landslides in areas of
hill country. Evidence for catchment disturbance is not included as a criterion in
the work of Nelson et al. (L996b) because of the restricted disfribution of
landslide deposits in tidal wetland environments. However in small coastal
waterbodies where hillslopes are in close proximity to sedimentary sequences
being investigate4 the potential exists for useful information to be collected.
Unusually coarse-grained deposits consisting of angular clasts and entirely
terrestrial material such as wood fragments are likely to be the result of catchment
disturbance. Occurrence of such deposits at horizons involving large changes in
paleoenvironment strengthens the case for a catastrophic cause of change.
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CHAPTER THREE
Diatom Assemblages of New Zealand
Coastal Waterbodies:
A Calibration Set for Quantitative
P aleo environmental Rec onstructi on
3. I INTRODUCTION
3.1 .I Outline of Chapter
The chapter begins with reasons for collecting a modern calibration set and some
background to quantitative paleoenvironmental reconstruction (this section). Aims
of the New Zealand coastal diatom calibration set are outlined in section 3.2, and
design and methods are discussed. The calibration set is described in section 3.3
using simple exploratory methods and ordination techniques. A diatom-salinity
transfer function is derived in section 3.4 using weighted averaging regression.
Salinity optima and tolerances are presented for calibration set species and
compared with other studies. The modern analogue technique is also presented in
this section because it is used to check the reliability of the transfer function.
Reconstruction of past environments using results from ordination, the transfer
function and the modern analogue technique is carried out in Chapters Four, Five
and Six.
3.1.2 Why Collect a Calibration Set?
A calibration set is a modern ecological dataset specifically designed to aid
paleoenvironmental reconstruction. A calibration set generally consists of many
samples of the organism of interest (eg, diatoms, foraminifera, ostracods,
chironomids) collected across an environmental gradient of interest (eg, salinity,
temperature, nutrients) and associated with other environmental variables
measured from each sample location. Statistical methods are then used to
determine relationships between organisms and measured environmental variables
and these relationships are used to estimate environmental parameters from fossil
assemblages. Diatoms have been used in calibration sets for the reconstruction of
lake water acidity (Battarbee, 1994), climate change (Gasse et al., 1995; Lotter
et al., 1997; Gaiser et a1.,1998; Reed, 1998), nutrient enrichment (Bennion, 1994;
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Lotter et a1.,1998; Reavie and Smol, 2001), and change in the coastal zone
(Juggins, 1992; Campeau et al., 1999).
It makes intuitive sense that comparison of fossil assemblages with modern
assemblages from known environments will improve a paleoenvironmental
reconstruction for Holocene and late Quaternary sedimentary sequences. For
example, incorporation of a calibration set into a paleoecological study enables
species' preferences to be derived directly from sites in the same region and of the
same type as that being reconsfructed. Without a calibration set, species
preferences are usually gathered from various published sources and species are
classified into broad ecological categories. This can be a subjective process and
there is a lack of reliable information for allocating species to categories (Vos and
de Wolf, 1993).
More information can be gained about past environments using a calibration set
compared with traditional techniques because numerous statistical methods exist
with which to relate modern and fossil datasets. Fossil samples can be plotted
passively onto ordinations of modem data, similarity measures can be used to
determine closest modern analogues, and models of modern species-environment
relations (transfer functions) can be used to derive quantitative estimates of past
environment. For these general reasons and the three specific reasons outlined
below, a calibration set was included as part of this research.
There has been little ecological diatom work in New Zealand so when using
traditional paleoecological procedures, Northem Hemisphere species preferences
are used and the assumption has to be made that they are relevant globally.
Development of a calibration set in New Zealandwill provide a check as to
whether species living here conform to Northern Hemisphere preferences. It is
also hoped the calibration set will aid reconstruction of coastal sequences in New
Zealandby initiating transfer function style reconstruction in this country.
In comparison with inland waters, there has been little work on diatoms from the
coastal zone. Hendey (1964) was almost the sole reference along with individual
papers and monographs until publication of "Diatom Flora of Marine Coasts I"
(Witkowski et a1.,2000). There are also few calibration sets that cover the range
of waterbodies present in the coastal environment. This has meant many species
found in coastal sedimentary sequences cannot be identified or utilised in
reconstruction. Existence of an appropriate calibration set enables all species in a
fossil dataset to be used in reconstruction as long as the same taxa occur in
reasonable numbers in the modern dataset.
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The use of diatom analysis in a paleoseismic context is fairly new so a calibration
set is used to investigate new ways that diatoms can be useful in this field. It is
hoped analysis of the calibration set will provide techniques for characterisation
of waterbody types. Also quantification of important variables will provide an
additional, less biased, assessment of amount and suddenness of change in past
environment at horizons thought to be coseismic in origin.
3. 1.3 Quantitative Paleoenvironmental Reconstruction
Imbrie and Kipp (1971) first presented quantitative paleoenvironmental
reconstructions using relationships between modern foraminifera and sea surface
parameters to estimate past sea surface characteristics from fossil foraminifera.
The major assumption in their work, which applies to paleoecology in general, is
that the ecosystem of interest has not changed significantly since the time of the
fossil organisms. They describe their approach as taking this assumption to its
'logical limit: writing equations relating portions of the biological side of this
ecosystem to selected physical parameters of the oceans 
- 
and then using those
equations on samples from cores to make fully quantitative estimates of past
marine climates' (p.71, Imbrie and Kipp, l97l). In the thirty years since Imbrie
and Kipp's study, the general approach has remained valid but there has been an
improvement in mathematical techniques for modelling species-environment
relationships and for assessing the performance of calibration sets. For a full
description of theory and approaches to quantitative paleoenvironmental
reconstruction refer to Birks ( 1995).
The basic situation (Fig. 3.1) is that a matrix of fossil data Ys exists that consists
of abundances of taxa in a certain number of samples. We want to use this fossil
data to reconstruct Xr, the unknown environmental conditions of the past. To do
this quantitatively, we collect Y, a dataset of modern species from a large number
of sites, and X, a set of associated environmental variables. The relationships
between the modem taxa and environmental variables are modelled statistically to
derive R. Relationships between fossil species and their environment are assumed
to have been similar to the modern relationships and R is used to transform the
fossil data into quantitative estimates of the past environment. The two main steps
to quantitative reconstruction require two different types of mathematical problem
(Fig. 3.1). The first stage, in which the relationship between modern species and
their environment is modelled, is a regression problem. The ecological response
function or'transfer function' R is a regression coefficient. The second stage, in
which the transfer function is used to estimate past environment from fossil
















Fig. 3.1 Datasets (modern and fossil) and mathematical steps (regression and
calibration) required for quantitative paleoenvironmental reconstruction (modified
from Birks, 1995).
There are five major assumptions made in the quantitative reconstruction process
and outlined by Birks (1995):
L Taxa in the calibration set are systematically related to the
environment in which thqt live.
2. The environmental variables to be reconstructed are, or are linearly
related to, en ecologically important variable in the system of interest.
3. Taxa in the calibration set are the same biological entities as those in
thefossil dataset and their ecological responses to the variables of
interest have not changed significantly since deposition of the fossil
sample.
4. Mathematical methods used in regression and calibration adequately
model biological responses to the environmental variables of interest.
J. Environmental variables other than the one of interest have negligible
influence or their joint distribution with the variable of interest in the
fossil set is the same as in the calibration set.
These assumptions are discussed in relation to this study in section 3.4. Juggins
























calibration set constructed in this study because they were derived for quantitative
reconstructions in the estuarine environment:
I. The relationship between the environmental variable of interest and
the processes oferosion, transport and deposition has not changed
over the relevant timespan.
2. The modern samples are representative of the surface sediment
diatom assemblages at that point in time and space.
3. Post-burial dissolution has not significantly altered the composition of
the foss il diatom assemblages.
3.I.4 Mathematical Methods
A basic concern in the statistical analysis of ecological and paleoecological data is
the response of species to their environment. Species' abundance is considered to
be a response variable and measured environmental variables are treated as
explanatory variables. Most statistical methods used in ecology assume some type
of species response model, i.e. an estimate of how species in the modern dataset
respond to environmental variables in the ecosystem of interest. Two of the most
commonly used models are the linear response model and the unimodal response
model (Fig. 3.2). One type of unimodal response model is the normal or Gaussian
curve where curve parameters equal species preferences and values on the x-axis
are expressed in standard deviation units (SD). Hill and Gauch (1980) state that a
species can be expected to increase in abundance, reach a maximum and decrease
over an interval of about 4 SD. Similarly, a full turnover in species composition of
samples can be expected in 4 SD. Choice of response model depends on the
length of the environmental gradient. If the measured gradient is <2 SD species
are unlikely to have optima located within the sampled gradient so linear methods
are appropriate. If the gradient length is over 2 SD some species will have optima
located within the gradient and a unimodal model is appropriate (Birks, 1995).
LINEAR UNIMODAL
EnMronmental Gradient Environmental Gradient
Fig. 3.2. Idealised species response models. The mean and standard deviation of
the Gaussian-type unimodal model are equal to the ecological optimum (a) and













Ecological and paleoecological data are multivariate 
- 
they contain large numbers
of taxa and samples, often with environmental data associated with each sample.
Multivariate data analysis is required to simpliff or reduce the dimensionality of
the data so that major patterns can be visualised and interpreted. In this chapter
ordination (indirect gradient analysis) is used to explore and describe the
calibration set, and regression analysis (direct gradient analysis) is used to
determine modern species preferences. The particular methods and models used in
this thesis are discussed in more detail in section 3.3.3, but a brief introduction is
given below.
Ordination is a method of summarising multivariate data visually as two-
dimensional scatter plots which can then be interpreted using extemal
environmental data. This is termed indirect gradient analysis because
environmental data is used externally rather than incorporated into the analysis.
Samples are arranged along axes on the basis of species composition so that
similar samples occur close together and dissimilar samples are plotted further
apart (ter Braak, 1995). Ordination can be considered a method of recovering
underlying structure from the species data. Axes are constructed that best explain
the measured species occurrences and these are thought of as'theoretical'
environmental variables. Canonical ordination is a method of multivariate direct
gradient analysis that aims to relate species to measured environmental variables
(ter Braak, 1995). [n canonical ordination axes are also constructed so as to best
explain the species data but they are constrained to being linear combinations of
measured environmental variables.
In ordination and canonical ordination, when using a unimodal response model,
the 'best explanation' of the species data is one that maximises the separation or
dispersion of species response curves. Wide separation of response curves (and so
of optima also) is an indication of an important axis / environmental variable or
one that explains much variation in the species data.
Regression analysis aims to describe species' abundance as a function of one or
more environmental variables. This is achieved by fitting a response model to the
data that consists of a systematic part describing expected species' response to
explanatory variables, and an error part describing how the observed response
differs from the expected response (ter Braak and Looman, 1995). There are
numerous regression techniques using both linear and unimodal response models.
In this study weighted averaging regression and calibration are used for
quantitative paleoenvironmental reconstruction. Weighted averaging (WA)
assumes a unimodal response model but is based on a simpler and ecologically
reasonable estimate of species' optima that does not involve fitting curves to the
species data. The basic concept behind WA is that the most abundant species at a
site will tend to be those whose optima is close to the value of the environmental
variable at that site (Birks, 1995). Optima are obtained by averaging values of the
43
environmental variable at sites where the species is present. The calculation is
weighted according to species' abundance. In the reverse situation (calibration)
the value of an environmental variable for a fossil sample is estimated by
averaging optima of all species that occur in that sample. Calculations are also
weighted according to species abundance.
The modern analogue technique (MAT) is an example of a quantitative
reconstruction technique that does not have an underlying statistical model. It
relies on calculation of similarity or dissimilarity coefficients to compare modern
and fossil samples according to their species assemblages (Birks, 1995). Past
environment can be inferred for each fossil sample using measured environmental
variables of the closest modern analogues. The technique can also be used to
determine whether a fossil sample has any good analogues in the modern dataset
and so provides an indication of the reliability of a reconstruction.
The most thorough method of evaluating a quantitative paleoenvironmental
reconstruction is through comparison with historical measurements of the variable
over the most recent period of the sedimentary record. Such comparisons have
been made (eg, Bennion et al., 1995) and provide validation of the procedure in
general, but lack of comparative data in most cases prohibits use of this technique
for routine evaluations. In this study several reconstructions are carried out using
different statistical methods and these are compared to provide an indication of
the reliability of reconsffuction (see Chapters Four, Five and Six).
3.2 A NEW ZEALAND COASTAL DIATOM CALIBRATION SET
3.2.1 Aims
Benefits of using a calibration set to aid paleoenvironmental reconstruction and
the importance of using one in the coastal zone of New Zealand, are outlined in
the introduction to this chapter. Specific objectives for the calibration set are
derived through consideration of the nature of the sedimentary sequences being
reconstructed and the purpose of reconstruction.
The coastline of the Wellington region is steep and actively uplifting with a very
narrow coastal plain. The three sites being investigated are small, shallow coastal
waterbodies with small, fresh water inflows and protection from the sea in the
form of gravel barriers. Geomorphic evidence at the sites, and initial investigation
of the sedimentary sequences, suggests that each site has changed from a sheltered
marine setting to a dominantly fresh water setting during the Holocene. It is
envisaged that sedimentation took place over time in a series of discrete
waterbodies each a little shallower and a little more isolated from the sea than the
previous waterbody. These initial indications led to the development of an
idealised coastal gradient for the uplifted waterbody (Fig. 3.3).
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For reconstruction of gradients of this kind it is obviously useful to be able to
document the isolation process. From a paleoseismic viewpoint, it would be
beneficial to be able to identify discrete phases of different waterbody types and
the nature and amount of environmental change that occurred between them.
Therefore one of the aims here is to attempt to characterise different waterbody
types in the calibration set according to their diatom assemblages. In this way past
waterbody types can be recognised through statistical comparison of modern and
fossil assemblages. The second aim is based on the idea that a potentially useful
method for estimating magnitude of environmental change is through the
quantitative reconstruction of an important environmental variable in the system.
Salinity is chosen as a variable that is important in determining diatom
distribution in the coastal zone and that is likely to be useful in characterising
environmental change. In summary, the aims around which the calibration set is
designed are:
l. To characterise small, shallow waterbody types across a coastal
gradient using diatom assemblages.
2. To determine salinity preferences for diatom species living in the
coastal zone of New Zealand.
3.2.2 Design
Int roductiort
The aims listed above and the scope of the thesis as a whole, provide constraints
within which the calibration set is designed. There are several major features that
differ from other calibration sets because location within the coastal zone presents
a number of challenges not encountered in open marine or terrestrial settings
(these are discussed below). The Holocene sites are refened to repeatedly because
the underlying purpose of the calibration set is to aid their reconstruction.
However the calibration set is considered relevant for reconstruction of any small,
shallow, coastal waterbody consistent with the gradient defined in Fig. 3.3.
Sires
There are several general considerations to address when choosing sites for a
calibration set:
t. Use of sites that are likely to contain the same t,xa as are present in the
fossil assemblages will reduce problems resulting from lack of modern
analogues.
2. Use of sites that cover a spectrum of values for the environmental
variable of interest that is wider than that preserved in the past
environment will reduce problems arising from truncation of species
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3. Use of sites likely to have the same relationship between the
environmental variables of interest and other environmental variables
as occurred in the past environment should be attempted to satisfy
assumption five of quantitative paleoenvironmental reconstruction
(section 3.1.3).
4. Use of sites likely to have the same relationship between the
environmental variables of interest and the processes of erosion,
transport and deposition as occured in the past environment should be
attempted to satisfy assumption one for the estuarine context
(section 3. 1.3).
These requirements are usually met by selecting sites in the same geographic
region and of the same depositional environment as the fossil sites but across a
wider ecological gradient. In most calibration sets a large range in values of the
environmental variable of interest can be measured from a set of sites with
constant depositional environment. For example pH can be measured in lakes, sea
surface temperature at open marine sites, and even athalassic salinity can be
measured using inland saline lakes.
A different approach is required here because one of the aims is to characterise
different waterbody types along a gradient from marine to terrestrial
environments. The waterbodies of interest include inlets, lagoons, coastal lakes
and wetlands so it is not possible to sample across such a coastal gradient and
keep depositional environment constant. Therefore the aim here is to select sites
that will define a spatial gradient of waterbody types as equivalent as possible to
the temporal gradient of environments represented by the sedimentary sequences.
The only difference in design should be that the modern sampled gradient is
Ionger than the fossil one in order to satisfy point two above.
The uplifted coastal waterbody model (Fig. 3.3) was developed from initial
investigations of past sequences so it provides a starting point for definition of the
gradient of interest. Waterbodies that belong to this gradient are small, shallow,
low energy and have small catchments. Depositional environment is determined
predominantly by connection with the sea because fresh water inflow has
negligible influence. ln all other respects the gradient is assumed to be an
idealised gradient 
- 
with environmental variables and processes interacting in an
intuitive and predictable way. For example, as connection with the sea becomes
restricted, the energy regime changes with decreasing flow speed and grainsize,
water chemistry changes with decreasing salinity and pH, water depth is also
likely to decrease. Modern sites are selected to conform to this idealised uplifted
coastal gradient and to represent as many waterbody types from the gradient as
possible. [f the gradient is a standard coastal gradient that existed in the past then
points three and four above are more likely to be satisfied.
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Calibration sets can vary in size from a minimum of about 30 sites to hundreds of
sites. Large calibration sets perform better than smaller ones because there are
fewer errors resulting from lack of modern analogues or truncation of species
response curves (eg, Wilson et al., 1994). However, collection of a high quality
calibration set is time consuming, so size has to be limited according to the scope
of the project. In this study the calibration set is part of a wider study so 50 sites
was considered a maximum.
E nv iro nm ent al Var i ab I e s
There are a large number of chemical and physical environmental variables that
diatoms have been shown to respond to. It would be an impossible task to
measure everything affecting assemblage composition of diatoms in a waterbody
at any particular time. A general aim for a calibration set is to measure 'important'
variables, i.e. those explaining a large amount of variation in diatom distribution
over the environmental gradient of interest. The priority for this study was to
measure variables that would be useful in characterisation of different waterbody
types. Because of the large range in physical conditions across a coastal gradient,
emphasis was placed on measuring physical variables.
An important consideration in the measurement of environmental variables is the
representativity of measurements. The ultimate aim is to obtain an estimate of the
environmental conditions that existed at the time the diatom death assemblage
was living. In practice, this is hard to obtain because the time period represented
by the death assemblage is unknown and many environmental factors are
naturally variable. The approach used in this study was to carry out repeat
measurements for salinity, conductivity, pH, water temperature and water depth
that would provide reasonable estimates of values that the living diatoms were
responding to at that point in space and time. Living assemblages were collected
as well as death assemblages and comparison between the two was used to judge
whether environmental variables had changed significantly betrveen time of
measurement and time that death assemblage species were living.
The number of measurements taken at each site was adjusted according to
variability of water chemistry. For example sites completely isolated from the sea
have stable water chemistry compared with those open to the sea. For closed sites
at least two readings were taken with a minimum separation of one hour. For most
tidally influenced sites measurements were taken at each of four states of the tide
- 
high, low, incoming, and outgoing. Where possible, these measurements were
repeated in summer and winter. Physical variables such as distance from the sea,
elevation, grainsize and aquatic plant growth were assumed constant at each site
because of the short time period represented by living diatoms in comparison with
the time period over which physical changes take place. Care was taken to avoid




Samples were located in the littoral zone of each waterbody for several reasons.
Firstly, cores for the Holocene sedimentary sequences were taken from the littoral
zone of each waterbody because changes in water depth and sea level are likely to
be more clearly reflected in this zone than in deeper water sites. Secondly, the
littoral zone has a high diversity of benthic diatom species. Deeper water, central
locations are often dominated by planktonic species and these are less useful for
the calibration set because of their potential for transport. A typical aim for
calibration set samples is to collect a sample that will represent the waterbody as a
whole in which case collection from the deepest, most central part of a waterbody
is sensible (Battarbee, 1986). However, in this calibration set, because of the great
variety of conditions that occur over the area of most waterbodies, modern
samples were collected to represent sub-sites within a waterbody type not the
waterbody as a whole. For example collection of a sample consisting of an
average assemblage for an inlet would be an unrealistic task, whereas collection
of a salt marsh assemblage at the head of an inlet or a tidal channel assemblage at
the inlet mouth is more achievable.
Death assemblage samples (those collected from beneath the sediment surface)
are used in this calibration set because they generally contain a time-averaged
amalgamation of diatoms from all habitats and so are direct analogues for fossil
assemblage samples. The depth below the surface that diatom assemblages were
taken varied according to energy regime of the sites. At high energy, tidal sites
death assemblage samples were collected deeper below the sediment surface
because of the effects of wave action and the likelihood of live diatoms being
incorporated lower into the sediment. At tidal sites samples were collected below
low tide to minimise effects of daily exposure on diatom preservation and
assemblage composition. Areas of fresh water or marine inflow to a waterbody
were avoided because of problems resulting from highly fluctuating water
chemistry, transport of diatom valves and storm or flood deposits.
Diatom Species
The main requirements for samples in a calibration set in terms of diatom content
are firstly that they contain well preserved organisms in high numbers, and
secondly that they are representative of diatom assemblages at the collection site
at that point in time (assumption two of reconstruction in the estuarine context).
The first requirement is easy to satisfo because diatoms are numerous in surface
sediment samples of all types of coastal waterbodies (Denys and de Woll 1999).
Preservation and abundance depend on many factors but these will generally be
acceptable as long as sites with extreme chemical characteristics or of extreme
high energy are avoided. Sixty samples were initially collected and this allowed
samples with the poor assemblages to be removed from the calibration set.
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The second requirement is harder to satisS because of the likelihood that
allochthonous valves have been incorporated into the sampled assemblage.
Allochthonous valves, those that have been transported away from their life
position, do not represent a response to environmental variables measured for that
sample and are not easy to differentiate from autochthonous valves (Beyens and
Denys, 1982). Diatom samples from low energy sites are not likely to contain
large proportions of allochthonous diatoms but in tidal environments
allochthoneity can be a problem (Vos and de Wolf, 1988).
One measure taken in this calibration set to assess whether allochthonous valves
have been incorporated into death assemblage samples, is the collection of living
diatoms in addition to death assemblages. Living diatoms can be assumed to be
autochthonous because they would die if transported too far from their source
environment. Therefore comparison of living and death assemblage samples can
provide an indication of the allochthonous component of the death assemblage.
For example Juggins (1992) defined 'life ranges' for species collected in modern
samples in the Thames Estuary and used these to downweight species in death
assemblage samples that occurred outside their life range.
Consistent, high quality taxonomy is a basic requirement for accurate
paleoenviromental reconstruction (Birks, 1994). Species were identified to the
lowest taxonomic level, varieties were counted separately in case they represented
different environmental conditions, and all taxa were documented. This
documentation provided a reference system for checking valves and maintaining
consistency within the calibration set and between the modern and fossil samples.
3.2.3 Methods
Measurement of Environmental Variables
Salinity, conductivity, pH and temperature were measured at the site with portable
conductivity and pH meters. Repeat measurements were taken as described in
section 3.2.2. Shading, aquatic plant growth, flow, and exposure to air were all
described qualitatively at the sites and allocated into set categories (Table 3.2).
Sediment samples were collected for grainsize analysis in order to determine
proportions of sand, mud, organic matter and carbonate. Characteristics such as
area of water, catchment area, catchment relief and distance from sea were
measured from 1:50,000 topographic maps. Catchment cover, catchment bedrock,
exposure to fresh and salt water, elevation and water depth were described in the
field and checked against topographic and geologic maps. Distances and depths
were recorded as continuous variables, others were divided into ordinal or
nominal categories. Water clarity was measured using a Secchi disk. Annual
precipitation and air temperature were taken from the National Institute of Water
and Atmosphere's climate database using proximal climate stations for each site.
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Sample Collection
Samples for grain size and diatom death assemblages were collected beneath the
upper 0.5 cm of surface sediment which was removed with a spatula. At high
energy, tidal sites 1.5 cm of surface sediment was removed to account for live
diatoms being incorporated lower into the sediment by wave action. About 20 g
was collected for grainsize analysis. Diatom death assemblages were collected
using a plastic syringe inserted into the sediment. At each site at least three
1.5 cm2 samples were taken and amalgamated to avoid effects of within-site
variability (Juggins, 1992).
Diatoms living on the sediment surface (epipsammon and epipelon) were
collected by suction through a glass tube as described by Round (1953). A one
metre length of one centimetre diameter glass tubing was sealed with a thumb at
one end, lowered through water to the sediment surface, drawn over the sediment
while slowly releasing the thumb, and a mix of surface sediment, algae and water
was collected. To retrieve the sample the tube was again sealed with a thumb,
removed from the water, and the contents transferred to a 250 ml collection pot.
To ensure a representative diatom assemblage was collected, about five such
scrapings were taken at each sample site. Diatoms living on aquatic plants
(epiphyton) were collected by clipping leaves and stems off plants living either
fully or partially submerged in the immediate vicinity of the sample site. A
handful of plant material was collected, consisting of the dominant species present
at the site, and placed in a plastic pot. Diatoms living on rock surfaces (epilithon)
were sampled by collecting a250 ml pot full of any submerged pebbles present in
the vicinity of the sample site.
There are various methods of ensuring that modern diatoms collected are indeed
alive. However these methods are time consuming and are either biased towards
motile species or result in poor slides that prohibit identification of taxa (Juggins,
Iggz).Instead it was assumed that the majority of species in the modem samples
were alive when collected or, if dead, were likely to have been autochthonous to
the site anyway. This is considered a reasonable assumption because of the careful
collection methods used for modern samples and because in a similar
environmental context Juggins (1992), using staining, concluded that over 95% of
valves in modern samples had intact chloroplasts. Hemphill-Haley (1995b) also
stained diatom samples from Willapa Bay, Washington and concluded that
autochthonous benthic species usually greatly exceed any allochthonous taxa.
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Sample Processing
Modern grain size, organic carbon and diatom death assemblage samples were
processed exactly as described for fossil samples in Chapter Two. Living diatom
samples required sligbtly different preparation before processing. Surface
sediment samples were shaken thoroughly in their collection pots and a well-
mixed aliquot of sample was poured offand retained. Hydrogen peroxide was
added to the plants and pebbles of the epiphytic and epilithic samples in their
collection pots to detach diatoms from the surfaces. The following day plant
material and pebbles were picked out with tweezers, rinsed with filtered water and
disposed of. In all three cases sediment was left to settle for at least eight hours,
excess water was poured off and samples were transferred to 100 ml glass
beakers. The clean nature of the epiphytic and epilithic samples meant that shorter
treatments and fewer washes were required.
Representativity and Allochthonotts Component of Death
Assemblages
Diatom assemblages of death assemblage samples were compared with
assemblages from corresponding modern samples to provide a check on the
fitness of each death assemblage sample for inclusion in the calibration set.
Assemblages of modem samples are not directly comparable with death
assemblages because they were collected from individual habitats and the death
assemblage represents an amalgamation of these habitats. However the death
assemblages should contain similar species to the modern samples unless:
environmental conditions have changed since the time the death assemblage
species were alive; allochthonous valves were transported to the site and
incorporated into the death assemblage; or species have dissolved or been
transported away from the site since the time the death assemblage species were
alive.
All of these situations are undesirable because of the enors that can be introduced
into the calibration set and resulting paleoenvironmental reconstructions. Death
assemblages that contained many species or large proportions of species that were
not present in modern samples from the same site were identified as potential
problem samples. Original count and environmental data were revisited in
attempts to determine reasons for differences and in some cases samples were
eliminated from further analysis.
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Mathematic al Procedures
Species and environmental data were entered into and stored in EXCEL
worksheets. Data were converted to Cornell condensed format using WINTRAN
1.01 (Juggins, 1998). Ordination analyses were carried out using CANOCO 3.12
(ter Braak, l99l) and plotted in CANODRAW LITE 3.0 (Smilauer, 1992).
CALIBRATE 0.85 (Juggins and ter Braak, 1997-99) was used for weighted
averaging regression and calibration and various plots. MAT98 version 1.2
(Juggins, 2000) was used to determine closest modern analogues for fossil
samples and to reconstruct salinity using the modem analogue technique.
Simple exploratory analysis was used to provide an indication of how individual
species and environmental variables changed along the coastal gradient. For
example species abundances were plotted in PSIMPOLL with sites arranged
according to waterbody type along the coastal gradient. Environmental variables
were plotted in EXCEL with sites arranged as above.
Frequency histograms were plotted for each environmental variable to look at
their distribution in the calibration set. Continuous variables that show a skewed
or log-normal distribution can benefit from transfonnation to a normal
distribution (Jongman et al., 1995). A log-normal distribution was assumed for
variables that had two of the following three characteristics: a skewed frequency
histogram, a standard deviation larger than the mean and a maximum value
twenty times larger than the minimum value (Jongman et al., 1995). Five
variables (distance from the sea, proximity to fresh water inflow, mud, organics
and carbonate) were log transformed using CALIBRATE and the transformations
were retained for all further analyses.
Because a coastal gradient that extends from marine waters to fresh waters
consists of a wide variety of waterbody types or depositional environments it is
hard to define exactly which sites will conform to characteristics of the gradient as
a whole. Although some restrictions were placed on sampling for this calibration
set, it is likely that samples not relevant to the gradient of interest were included.
Outlying sites were defined as those whose sample scores lay outside the 95%
confidence interval in both a principal components analysis (PCA) using the
environmental data and a detrended correspondence analysis (DCA) using the
species data (Reavie and Smol,200l). In this way outliers were determined
according to both diatom assemblages and environmental variable data. Sites can
also be considered outliers if they have extreme values of an environmental
variable that is not of part of the population being described. Extreme values are
identified by CANOCO as part of a canonical correspondence analysis (CCA) and
the amount of leverage is reported relative to the average leverage. As a result of
these checks three sites (Lake Wilkie, Brooklands Lagoon and Te Paeroa) were
eliminated from further analysis. Four environmental variables were also removed
from all further analyses (Felsic, Mafic, Schist and Forest). These were categories
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of nominate variables that had an unrealistic influence on ordination solutions
because they only had one occurrence in the calibration set.
Initially a DCA was run using the complete species dataset to determine whether
linear or unimodal statistical methods were appropriate for further analysis. The
resulting first axis had a gradient length over seven standard deviation units
indicating that unimodal methods were appropriate. Indirect gradient analysis was
carried out using correspondence analysis (CA) and DCA to examine structure in
the species data. Direct gradient analysis was carried out using CCA and
detrended canonical correspondence analysis (DCCA) to examine which
environmental variables were important in explaining variation in the diatom data.
DCCA site and species plots were compared with DCA plots to provide an
indication of how well the measured environmental variables explained the
diatom data.
Various methods were used to examine the dataset of environmental variables and
reduce it to a smaller set of statistically significant variables that could explain
variation in the species data almost as well as the full set. A series of CCAs was
carried out with each environmental variable as the sole consffaining variable in
the analysis to estimate the amount of variation in the diatom data that individual
variables could account for. An associated Monte Carlo permutation test (99
unrestricted permutations) was carried out on the first axis of each analysis to
determine the statistical signifrcance of each variable. PCA with environmental
variables entered as species, data centred and standardised, and scores scaled for a
correlation biplot, was used to examine correlations between measured
environmental variables. These were compared with an environmental variable
plot and correlation matrix resulting from CCA. This enabled four sets of highly
correlated variables to be defined and used for further analysis.
Forward selection with associated Monte Carlo permutation tests (99 unrestricted
permutations) was carried out on the environmental dataset as part of a CCA.
Variables were chosen so there would be at least one representative from each of
the four sets defined previously, and salinity was chosen first over waterbody type
and exposure to salt because, as a continuous variable, it is preferred over the
former variables for reconstruction purposes. Seven environmental variables were
found to be statistically significant and explain the species data well. These were
used to represent the four sets and partial CCAs were carried out to determine the
percentage of variation in the diatom data that each was explaining. In each case
variables of one set were entered as environmental variables and the remaining
three sets were entered as covariables. Partial CCAs were also used to determine
what percentage variance could be accounted for by interactions between sets.
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3.3 DESCRIPTION OF THE CALIBRATION SET
3.3.1 Introduction
The calibration set consists of 50 waterbody sites from around the coastline of
New Zealand (Fig 3.4). Over half the sites are located in the Wellington region
because of the similar geologic and climatic setting to the Holocene sites. Most of
the remaining sites are in the South Island of New Zealand. Exact locations and
general site characteristics are listed in Appendix V and all other characteristics
are used as explanatory environmental variables. Sites consist of bays, lagoons,
lakes and wetlands, and range from marine to fresh water conditions (Fig. 3.5).
The structure of Table 3.1 indicates that calibration set sites represent a coastal
gradient with samples from progressively isolated sites having progressively
lower salinities.
Ten waterbody types are used in the calibration set and are defined largely by
their connection with the sea. lnlets are defined as being a tidal arm of the sea
with a small fresh water inllow as opposed to estuaries that are generally
considered to be the lower parts of rivers open to the sea (Boggs, 1995). Lagoons
are shallow areas of brackish water near or connected with the sea and with little
fresh water input (Boggs, 1995). Lagoons are divided into three fypes depending
on the frequency of influx of brackish water: predominantly open, predominantly
closed and permanently closed. Permanently closed lagoons, coastal lakes, and
lakes, are differentiated by their distance from the sea being hundreds of metres,
-lkm, and >5km respectively. Wetlands are defined as having <0.1 m water depth
and abundant macrophytes. Coastal wetlands are potential outliers in this dataset
because wetlands exist at a wide range of salinity values and a large dataset would
be required to characterise them. A few were sampled in this study to provide
analogues for fossil samples that may have been wetlands rather than open water
environments. Other exceptions to the diagonal structure include samples from
Okupe Lagoon which have much higher salinities than all other permanently
closed lagoons in the calibration set. It was noted in the field that the lagoon must
have groundwater access to the sea, or salts must be concentrated by evaporation,
because there is no open connection with the sea and salinity is high.
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Fig. 3.4 Map showing location of calibration set sites around the coa.st ofNew Zealand




























































Fi-q. 3.5. C'alibration set sites affanged accordin-q to waterbody type with open bays at the
top and fresh water wetlands at the base. lrnages illustrate the range oiwaterbodies
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Table 3.1 Calibration set sites tabulated according to waterbody type and salinity.
Salinity categories are listed in grams per litre (g l-'). Letters in red are those used
as site codes in statistical analvsis.
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Twenty-six physical and chemical environmental variables were measured and 25
of these were used as explanatory variables in attempts to explain the diatom data
(Table 3.2). Secchi depth was measured at each site but because of shallow water
depths, was not a limiting factor at any site, so was removed from further analysis.
Most variables consist of continuous, quantitative measurements; nine variables
are measured on an ordinal scale and three on a nominal scale. Nominal variables
were separated into individual classes for analysis in CANOCO. Values of
environmental variables for each site are listed in Appendix V.
Table 3.2. List of environmental variables measured for the calibration dataset.
Part A: Continuous and nominal variables.
TAL VARIABLE CODE UNIT / CATEGORY
variables:
from sea (via opening if present)
to nearest fresh water inflow


































Mafic / intermediate volcanics
Quartzo-feldspathic schist
Tertiary & Mesozoic sandstone, mudstone, conglomerate












































C.ontingous open conneefion vvith'Eea
Daily connedion wilh sea (tid€l)
Daily connectlon with inlet (6dal)
Soe€onal / annual innuxftom sea
Seasonal. / annual influx from inlet / lagoon
Saepage lhrough banier/ groundwater
Windblown onty - fteguent
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Table 3,2. Lisf of euvirorutre[tal variah.les measured frorthe aalibration dataset,
Paxt B: Ordinal vatiables.
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Diatoms were numerous and well preserved in nrost death assemblage samples
collected. Ten sites were removed from the calibration set and are not listed above
because of low concentrations or poor preservation of diatoms. In the remaining
50 death assemblage seunples counted, 305 taxa were identified representing 64
genera. Species counts are presented in Appendix VlI. Estimated concentrations
of diatom valves ranged from a few tens of thor.rsands of valves per gram of dry
sediment to a few hundred million, with most samples having concentrations in
the tens of millions (Fig. 3.6).
ten hundred millions ten millions hundred
thousands thousands millions
Concentrations per gram dry sediment
Fig. 3.6. Frcqr-rency histogram of diatom valve ct'rncentrations for death
assemblage samples in the calibration set. Most samples had tens of millions of
diatom valves per gram of sediment.
Although there is a large range in concentration of diatom valves between
samples, there is only a weak trend of decreasing concentration towards the high
energy, open marine sites along the coastal gradient (Fig. 3.7). Many of the low
concentration samples were from sandy sampling sites and high concentration
samples appear to be from muddy sites. However this may not be an ecological
feature but a result of concentration being measured relative to sediment weight.
ln hindsight it seems that volume would have been a more appropriate standard to
use when comparing concentrations from such a diverse range of sediment types.
Another factor affecting concentration values is the occunence of numerous small
Fragilarict species. Most of the very high concentration samples have large
numbers of these very small valves so they may have similar diatom biomass
values to other samples, but they have much higher concentrations.
The number of species encountered in any one sample (species richness) ranged
between I 2 and 47 . The number of species is presented as a proportion of the total
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Fig. 3.7. Concentration of diatom valves in samples along the coastal gradient.
Concentration is variable with a slight trend of decreasing concentration with increasing
marine influence. Very high concentrations are recorded for samples with high proporlions
of Fragilaria species.
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Sites arranged according to waterbody type
Lakes Wetlands
Fig. 3.8. Species richness of diatom samples along the coastal gradient. Species richness









samples (Fig 3.8). Although there is a range in species richness in the calibration
set samples, there is only a weak trend of decreasing richness towards open
marine sites along the coastal gradient. What is morc notable is the variability
along the gradient suggesting that waterbody type, marine influence and other
factors associated with the coastal gradient have little influence on species
richness.
Each death assemblage sample was checked for the number of species present that
werc not present in any of the modern samples fiom the same site and for the
proportion of counts that these'missing species'represented (Fig.3.9). There was
only one site where all the death assemblage species were present in at least one
of the modern samples (Haldane Estuar!), but for most sites the percentage of
counts representing 'missing species' was under 107o. Reasons fbr higher
percentages included poor modern analogues (for example not all three types of
modern samples were collected) or blooms of single species in either the modern
or death assemblage samples. Blooms in modern samples not present in the death
assemblage could well be a response to changed environmental factors. Bloorns in
death assemblages may have been an actual bloom in response to the environment
or may represent transport of diatoms to the site. Five samples with high
proportions were considered potentially problematic so their aff-ect on subsequent
analyses was assessed. One sample was removed from further analysis
0.6
Fig. 3.9. Plot showing the proportion of counts made of species that were present
in the death assemblage and not in the associated modern samples (circles) and
the proportion of species present in death assemblages that were not present in
modern samples (squares).
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(Shipwreck Bay) because fresh water diatoms that would be considered
allochthonous to the death assemblage of an open marine bay also occurred in the
modern samples. This could be the result of large-scale ffansport of fresh water
diatoms to all habitats sampled or it may be a case of post-sampling
contamination.
3.3.2 Ordination
Correspondence analysis (CA) of the species dataset resulted in high eigenvalues
for the first four axes but plots showed a prominent arch effect. The arch effect is
a mathematical artefact that arises when the simplest solution for the second axis,
with greatest dispersion of species curves, is to fold the tirst axis in half (ter
Braak, 1995). The second axis becomes a quadratic function of the first axis and
not a reflection of real structure in the original data. Hill and Gauch (1980)
proposed detrended correspondence analysis (DCA) as a modification of CA that
solves several problems including the arch effect. DCA is used here to overcome
the interpretation difficulties that arise when the arch effect occurs in CA.
DCA of the calibration set samples yields an important first axis with a long
gradient length (Table 3.3). The high eigenvalue of the first axis indicates that
species and sites are well spread out along this axis and the underlying
'theoretical' gradient explains the data well. The long gradient length (measured
in standard deviation units) indicates that at least one complete turnover in
taxonomic conrposition of samples occurs in the dataset. This is not surprising
considering the large range of waterbody types that form the calibration set.
The first axis of the DCA separates species according to salinity preferences
(Fig. 3.10) with marine and brackish species on the right of the plot, indifferent
species in the centre, and fresh water species on the left. It is clear that the first
axis explains much of the variation in the distribution of marine and brackish
species because they plot in a narrow band parallel with axis one. Indifferent and
fresh water species are well separated along axis one but they also spread out
along axis two indicating there is another gradient important in explaining aspects
of their distribution. At the extreme fresh water end of the first axis, species are
separated into two discrete groups on the second axis. This may be the result of a
sampling gap in the gradient of axis two because of the small size of the
calibration set. However one of the negative features of DCA is that it can
excessively polarise species at the variable end ofa gradient that is crossed, at one
end only, by another strong gradient (Hill and Gauch, 1980) so it is likely that the
extent of separation has been exaggerated. Environmental factors likely to be
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Fig. 3.1 l. DCA site plot with site cqdes as listed in Table 3.1. Sites are colour-coded to
illustrate their distribution,'along axes aocording to waterbody type. Dashed lines
show correspondi4g divisjons of ordination space.
dH,fu."il'l*Hi;lh'
65
The site plot of the same DCA (Fig. 3. I I ) shows clearly that the first axis can be
taken to represent a coastal gradient because sites are arranged according to their
waterbody type. The large amount of variation in the diatom data of this dataset
means that sites are well spread out in ordination space facilitating division of
axes according to site attributes. The first axis, for example, can be divided
according to waterbody type into sections representing bays, inlets, lagoons and
lakes. The diatom assemblages of the different lagoon types are obviously not
distinct enough to enable division into lagoon type possibly because this dataset is
not large enough. The second axis represents a gradient that explains variation at
the fresh water end of the first axis only. Although there are not many sites with
which to characterise the second axis, it clearly divides sites into lakes at the base
of the axis and wetlands at the top.
Prior to addition of measured environmental variables to the ordination analyses,
it can be seen from the above DCA plots that the main variation in the diatom data
(first axis) can be explained by change along a coastal gradient. Diatom
assemblages along this gradient are distinct enough to enable division of
ordination space according to waterbody type. This division is used to reconstruct
waterbody type for fossil samples by plotting fossil diatom assemblages passively
onto the DCA site plot (refer to Chapters Four, Five and Six). Secondary variation
in the diatom data (second axis) is related to the difference between wetland and
lake environments at the fresh water end of the first sradient.
3.3.3 Canonical ordination
Axes in indirect gradient analysis as in Figs 3.10 and 3.1 I above, represent
theoretical gradients and are extracted in such a way as to maximise dispersion in
the species data. Axes in direct gradient analysis also aim to maximise dispersion
in the species data but they are constrained to being linear combinations of
measured environmental variables (ter Braak, 1995). Therefore comparison of the
DCA and DCCA species and site plots can provide an indication of how well the
measured environmental variables explain the species data (ter Braak, 1986). Both
species and sites of the DCCA (Fig. 3.l2) are generally less tightly clustered than
in the DCA plots, but the order and position of species and sites along the first
axis is very similar. Fresh water sites and species plot on the left of the figure and
there is a continuum through to marine sites and species on the right. The order
and position of species and sites on the second axis is also very similar with only
one site (SP), and associated species, having moved from low second axis to high
second axis in the DCCA. Eigenvalues and gradient lengths are also very similar
between the two types of analysis (Table 3.3) so it can be concluded that the
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Fig. 3.12. Species, site and environmental variable plot for a DCCA of calibration set
data. Only species with more than three eft'ective occurrences (N2) are shown. Codes fbr
species are listed in Appendix il, for sites in Table 3.1, and for environmental variables
in Table 3.2.
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0.83 0,51 0.43 0.36
7.78 4.29 4.17 3.25
0.81 0.56 0.37 0.29
7.27 4.16 3.62 2.86
Table 3.3. Comparison of eigenvalues and gradient lengths for DCA and DCCA
of the calibration set data.
Examination of environmental variables in the initialDCCA (Fig.3.12) indicates
that the first axis is indeed a coastal gradient with variables such as exposure to
salt, salinity, conductivity, exposure to air, distance from the sea and elevation all
highly correlated with axis one. There are no variables highly correlated with axis
two although air temperature and proximity to fresh water inflow appear to be
explaining some of the variation on this axis. Full interpretation of environmental
variables is not made using this DCCA because it contains all measured
environmental variables and variance inflation factors indicate there are some
highly correlated variables that should be removed. Inclusion of highly correlated
variables in an analysis causes canonical coefficients to be unstable and prevents
separation of the effects of diff'erent variables (ter Braak, 1986). lt is also likely
there are variables in the dataset that explain negligible amounts of variation.
Further analysis is carried out below to derive a minimal set of environmental
variables that can explain the species data almost as well as the full set.
The individual explanatory power and statistical significance of each
environmental variable was assessed by running a series of CCAs in which each
variable was entered as the sole constraining variable in the analysis (Table 3.4).
Twenty-three variables explained more than 3% of the total variance in the diatom
data and 23 were statistically significant at the 95% confidence level. Twelve
variables were eliminated from further analysis because their individual
contribution as explanatory variables was not statistically significant. These were
mainly nominate variable categories but water temperature and proximity to fresh

























Size fresh rvater inflow
Native bush
Mud
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Scrub
Mafic intrusives







































































* = Statistically significant variable at the 95% confidence level.
Table 3.4. Percentage variance of the species data explained by each
environmental variable when it was the sole constraining variable in a CCA and
results of a Monte Carlo permutation test on the resulting first axis.
A principal components analysis (PCA) with environmental variables entered as
species illustrates correlations between environmental variables (Fig. 3.13).
Variables with arrows that plot close together are highly correlated, for example,
salinity, conductivity, exposure to air and exposure to salt are all highly
correlated. Environmental variables from a CCA (Fig. 3.14) reflect sffucture in
the species data as well as correlations between variables. Conelations between
environmental variables are similar to those in the PCA but there are some key
differences. Environmental variables associated with the coastal gradient are even
more highly correlated with each other and with axis one than in the PCA. The
importance of pH as a variable correlated with axis two is greater in the CCA




















Fig. 3. 13. PCA with environmental variables entered as species in the analysis. This
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Axis 1
Fig. 3.14. Environmental variable plot ftom a CCA. Variables are grouped into highly






Four groups of correlated variables are present in the CCA. These can be thought
of as environmental gradients so are named in accordance with the types of
variables they contain. Marine influence, energy regime and exposure to salt are
all correlated with axis one and acidiw is correlated with axis two.
It was concluded from the DCA and DCCA that the first axes are successful in
maximising dispersion in the species data (eigenvalues of 0.83 and 0.81
respectively) and that they represent a coastal gradient. The PCA and CCA plots
and associated correlation matrices confirm this conclusion and further indicate
that the generalised coastal gradient is made up of three contributing gradients of
marine influence, energy regime and exposure to salt. Variation along the second
axis can be explained by an acidity gradient. There are no variables highly
correlated with axis three or four.
Ordering of species and sites along the first axis remained constant throughout the
process of removing superfluous environmental variables. However all CCAs
were dominated by the arch effect. Generally the arch effect can be removed from
a CCA by eliminating superfluous environmental variables (ter Braak, 1995).
Forward selection of environmental variables was carried out in an aftempt to
define a minimal set of variables that would explain the calibration set almost as
well as the full set and rid the analyses of the arch eff'ect. However an arch was
still present in the CCA using only seven forward selected environmental
variables. The arch effect is thought to arise when the t-rrst axis fully explains the
species data (ter Braak, 1995) or when a short gradient is dominated by a long
gradient (ter Braak, 1986). The statistics of the DCA and DCCA suggest that both
these characteristics could explain why the arch effect occurs in this calibration
set. Eigenvalues for the first axes are much higher than those for the second axes
indicating that altlrough the first axis doesn't explain the species data completely,
it explains a lot more than the second axis. Gradient lengths also indicate that the
second axis is much shorter than the first axis.
Although use of a forward-selected, minimal set of environmental variables did
not succeed in removing an arch structure from the resulting CCA, forward
selection did result in definition of a much smaller set of environmental variables
that describe the species data almost as well as the full set of variables.
Eigenvalues for a CCA using the forward selected environmental variables are
only slightly lower than for a CCA using all 23 individually significant variables
(Table 3.5). This means that an appreciable amount of variation in the species data
is explained by these seven environmental variables and they can be used to
represent the full set in further analysis. This simplified dataset is used to
investigate the partitioning of variance and interactions between the four major
environmental gradients noted above. ln the reduced set of environmental
variables, salinity and carbonate represent the marine influence gradient;
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distance from the sea and flow represent the energy regime gradient; exposure to
salt represents the gradient of the same name; and pH and precipitation represent
the acidity gradient.
Table 3.5. Conrparison of CCA results for analyses using all significant
environmental variables and usins seven forward selected environmental
variables.
A series of partial CCAs was carried out to determine statistically how much
variation in the data each of the four main environmental gradients are explaining
(Fig. 3.15). The total variation explained by the four gradients (as represented by
the seven forward selected environmental variables) is 24.8%. This is less than
half that explained by the full set of environmental variables (54.3%), but is fairly
typical of similar studies involving noisy species data (eg, Gasse et al., 19951'
Jones and Juggins, 1995; Reed, 1998). All four gradients account for significant
amounts of variation in the data. Interactions between pairs of gradients only
account for 2.2o/o and interactions between more than two gradients make up only
1.4% (other). The greatest interactions are between marine influence and exposure
to salt indicating that these gradients cannot be considered independent ofeach
other. This makes intuitive sense because the marine influence and exposure to
salt gradients plot close together in the CCA environmental variable plot (Fig.
3.14) suggesting they are correlated.
Axisl Axis2 Axis3 Axis4 Total
lnertia
GCA with all significant variables
Eigenvalues
Species-environment correlations
Cumulative % variance: of species data
of species-environ. relation
Sum of all unconstrained eigenvalues
Sum of all canonical eigenvalues
GGA with forward selected variables
Eigenvalues
Species-environment correlations
Cumulative % variance: of species data
of species-environ. relation
Sum of all unconstrained eigenvalues














































Fig. 3.15. Partitioning of variance in the diatom data using a minimum set of
environmental variables representing four gradients in the dataset. A: Total
variation partitioned into explained and unexplained portions. B: Explained
variation partitioned into the unique contribution of each gradient and interactions
between gradient pairs. C: Interactions partitioned into gradient pairs for which
there are interactions,
Ordination and canonical ordination of the calibration set enable a more detailed
definition of the idealised uplifted coastal waterbody gradient (introduced in
section 3.2.l) to be presented. This revised gradient is a spatial coastal gradient
derived using environmental variables that are irnportant in explaining diatom
distribution in this calibration set (Fig. 3.16). The assumption made in section
3.2.2 about an idealised coastal gradient across which environmental variables
and processes interact in an intuitive and predictable way, can be seen to hold true
for the calibration set. Accepting that a 'standard' coastal gradient for small,
shallow waterbodies is defined, and considering the calibration set was initially
designed around what was known of the Holocene sites, it is suggested that
relationships between variables characteristic of this gradient can be assumed to
have been similar for the fossil sequences.
3.4 A DIATOM-SALINITY TRANSFER FUNCTION
3.4.1 Fitness for Quantitative Reconstruction
Direct gradient analysis enables some assessment of assumptions one, two and
five of quantitative paleoenvironment reconstruction (as outlined in section 3. I .3)
to be made in relation to this calibration set. The similarity between DCA and
DCCA indicates there is a strong relationship between species distributions and
measured environmental variables in the calibration set. Although this does not
constirute proof that environmental variables are causing species to respond, it
indicates it is t'air to assume that taxa in the calibration set are systematically
















































Size fresh inflow Organics
Mud Aquatic Plants
Fig. 3.16. Spatial coastal waterbody gradient
for the calibration set. Defined using
statistically significant variables associated
with three gradients explaining variation in
diatonr data along axis one of a CCA.
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of the importance of environmental variables in terms of explaining variation in
diatom assemblages. It can be assumed that salinity is an important variable in the
system because it individually explained more than 5o/o of variance in the diatom
data and was statistically significant at the99o/o confidence level (assumption
two). Salinity was chosen over four other variables (waterbody type, exposure to
salt, flow and conductivity) because it is a continuous, quantitative variable and it
explained slightly more variation than conductivity.
Variance partitioning of a minimal set of environmental variables indicated that
salinity, although accounting for a significant amount of variation on its own, was
also interacting with other variables to explain the diatom data. In this calibration
set it cannot be assumed that variables other than salinity have negligible
influence. However, as suggested above, it is likely that interactions between
variables define a standard coastal gradient that would be found for other datasets
of modern and fossil sites of the same waterbody type. Therefore it is assumed
that the joint distribution of salinity and other important environmental variables
was the same in the fossil set as it is in the calibration set (assumption five).
Salinity is selected as a proxy to represent the coastal gradient and interpretation
of results should take into account that reconstructed values of salinity are
indicative of position on the gradient as well as acfual values of salinity.
3 .4.2 Methods
A DCCA with salinity as the sole constraining variable was run to determine the
gradient length of salinity in the dataset. The gradient length was greater than two
standard deviation units and the constrained axis was significant so unimodal
regression techniques were considered appropriate for development of a salinity
transfer function (Birks, 1995). Weighted averaging (WA) and weighted
averaging with tolerance downweighting (WA-tol) were used, as implemented by
the program CALIBRATE 0.85 (Juggins and ter Braak, 1997-99). Weighted
averaging partial least squares was tried on the dataset but it offered no
improvement over WA because best results were obtained with one component
(ter Braak and Juggins, 1993). Inverse deslrrinking and cross validation by
jackknifing were used fbr all analyses. WA models were assessed for effects of
different data transformations. Square root transformation of species data (which
results in downweighting of dominant species) and log (x+l) ffansformation of
salinity produced the most favourable model statistics so were retained for
analysis of the calibration set.
Outliers are model dependant so it was not assumed that outliers identified in
ordination analyses would also be outliers in weighted averaging regression. An
initial set of outliers was defined by running a weighted averaging regression on
the complete calibration set and noting those sites that had a residual (inferred
value-observed value) greater than the standard deviation of the environmental
variable of interest in the calibration set (Jones and Juggins, 1995). Death
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assemblage samples with poor relations to their modern equivalents (as identified
above) were also considered potential outliers. Twelve outliers were identified
and a series of WA analyses were carried out to investigate their effects. Initially
all outliers were removed from the model then each outlier was added back into
the model separately to determine their individual effects. The effect of highly
abundant species (maximum abundance >50%) was assessed in the same way.
The best model, as assessed by model statistics, involved removal of nine outlying
sites and one abundant species, and represented a 20-30% improvement over a
modelwith no outliers removed.
3.4.3 Weighted Averaging Regression
Weighted averaging regression was used to estimate salinity optima and
tolerances for diatom species in the calibration set. As a way of assessing the
validity of these estimates, a calibration step is performed on the modern sites and
diatom-inferred estimates of salinity are compared with measured salinity values
(ter Braak and Juggins, 1993). Statistics generated by CALIBRATE include the
correlation between diatom-inferred and measured salinity 1r2; in the calibration
set and the root mean squared error (RMSE). Weighted averaging with tolerance
downweighting produced the highest correlation and lowest enor (Table 3.6).
However, cross validated statistics (X-val) such as those obtained through
jackknifing , are a more reliable indication of the predictive ability of the
calibration set (Jones and Juggins, 1995). Jackknifing provides an estimate of bias
and standard error through computer-intensive, 'leave-one-out' recalculations of
the statistic (Dixon, 1993). Of the jackknifed models, WA performs slightly better
than WA-tol but performance is similar so both are used for weighted averaging
calibration.
WA WA-tol X-val WA X-val WAtol
R2 0.8933 0.9560 0.8364 0.831s
RMSE 0.1929 0. l 238 0.2397 0.2481
Table 3.6 Weighted averaging regression statistics for the calibration set.
A strong, linear relationship exists between measured salinity and diatom-infened
salinity of the modem samples (Fig. 3.17) indicating that the calibration set can be
used successfully for reconstruction of salinity. In comparison with the ideal I : I
relationship, WA shows a fair amount of scatter at the ends of the gradient
whereas in WA-tol sites are tightly clustered at the ends. Both models show
scatter in the brackish section of the gradient. These trends are highlighted in plots
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Fig. 3,.17. Observed salinity ver€us diatorn lnferred salinityusing jac*ftnifedWA(top)
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Fig. 3,18. Plots of residuals for Wd (top) and WA-tol (bottom). Lines are LOWESS
smoothers as implemented by CALIBRATE.
If estimates of salinity using diatoms were perfect, sites would plot in a horizontal
line at zero. In WA, sites at the fresh end of the gradient tend to be overestimated,
and sites at the marine end are generally underestimated. There is a large amount
of scatter in the brackish region but no trend towards over- or under-estimation. In
WA-tol, sites at each end of the gradient are fairly well estimated but there is
scatter in the middle of the gradient with a tendency towards under-estimation.
Retaining both models for comparative calibration is considered useful in that
each may perform better in different sections of the gradient.
The reason for high amounts of scatter in the brackish section of the gradient is
likely to be the result of errors related to the inherently variable nature of brackish
environments. Water chemistry at these sites is dependant on fresh water influx
and influx from the sea 
- 
a balance that is continuously changing in many
lagoonal environments. Difficulties in characterising environmental variables that
the sampled diatom assemblages have responded to, is likely to have contributed
to greater errors in this part of the gradient than at the ends. Another source of
error is that many diatom species inhabiting brackish water environments have
wide tolerances and it is likely this calibration set is not large enough to properly
characterise distributions of tolerant species. Wide tolerance of species in the
centre of the gradient is certainly a feature of this calibration set (Fig. 3.19) and







Fig. 3.19. WA salinity optima of species in the calibration set plotted against their
salinity tolerances. Species with fresh and marine optima have low tolerances and


































The correlation between diatom-inferred and observed salinity values for this
calibration set is similar to correlations derived in other diatom transfer function
studies. Wilson et al. (1994) list statistics for various WA and WA-tol models
based on different subsets of sites and chemical datasets from their study of
Canadian saline lakes. Their bootstrapped r2 values range between 0.72 and 0.84.
Gasse et al. (1995) construct a diatom-conductivity transfer function for African
saline lakes with jackknifed r2 values of 0.81 and 0.80 for WA and WA-tol
respectively. Reed (199S) reports high apparent I values for conductivity of
Spanish salt lakes but jackknifed statistics are much lower at 0.57 and 0.48 for
WA and WA-tol respectively. Although not aimed at reconstructing salinity or
conductivity, the study of Campeau et al. (1999) is used as an example of a
transfer function constructed in the coastal zone. They derive a coastal water
depth ffansfer function with bootstrapped r2 values of 0.87 and 0.89. Errors are
harder to compare between calibration sets because units depend on
transformations and variables being reconstructed.
Plots of individual species abundance along the measured salinity gradient
(Fig. 3.20) enable visual assessment of the unimodal species response model used
in WA. Although some species show sigmoidally increasing (Cocconeis
d i s c rep an s, D i p I o n e i s v ac i I I a ns) or sigmoidally decrea sing (Ac hn an t hes
minutissinta, Epithentia sorex) responses because their optima occur near the ends
of the measured gradient, most responses to salinity are well summarised by a
unirnodal curve. Species shorvn in Fig. 3.20 are a selection of the 6l species that
reached an effective number of occurrences (N2) of greater than 5 in the
calibration set. They are ordered according to their optima from marine to fresh so
it can be seen again that marine and fresh species tend to have narrow tolerances
(eg, Navicula lusoria, Nitzschia valdesf iata, Navicula pupula, Navicula
rhyncocephala) and brackish species have wide tolerances (eg, Nitzschia
Jrustttlum, Achnanthes delicantla, Cocconeis placentttla).
All species were included in WA (except those eliminated by removal of outlying
sites) because lowest errors occur in both WA regression and calibration when all
taxa are included in the analyses (Birks, 1994). However preference estimates for
species with low occurrence in the calibration set are likely to be less reliable than
those witlr many occurrences and because of the small size of the calibration set,
lower N2 values have to be tolerated in comparison with those used in large
calibration sets. Salinity optima and tolerances are presented for 100 species with
N>3 in the calibration set (Fig. 3.21). Preferences are plotted in units of log-
transformed salinity because use of a linear scale enables a visual appreciation of
tolerances to be gained more easily than when using a log scale. Back-
transformed optima and tolerances are presented for all species in Appendix lll.
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Fig. 3.20. Scatter plots showing species abundance along the measured salinity
gradient. Curves are Gaussian logistic regression curves fitted in CALIBRATE.
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There is one conspicuous gap in the gradient between l0 and 14 g l-'where,
although there are sites of this salinity, there are no species' optima.
Species' salinity optima derived from the calibration set are compared with
published preferences in Appendix III. To enable comparison between qualitative
salinity categories and quantitative salinity optima, the optima were placed into
the first six categories of the classification listed in Table 2.4 (Chapter Two). Of
the 267 species for which there are both published salinity preferences and optima
derived from the calibration set,2M preferences match in a broad sense (fresh,
brackish, marine) and approximately half of these match exactly according to the
more detailed classification (salt intolerant, fresh, fresh brackish, brackish,
brackish marine, marine littoral). The preferences of 23 species do not match at
all. Of these species, l8 have an effective number of occurrences in the calibration
set of <3 so the derived optima cannot be considered reliable. In four cases
(Achnanthes lanceolata ssp. robusta, Cyclotella stelligera, Cltmbella minuta and
Rhoicosphenia abbreviala) species predominantly occur at fresh water sites but
also have occurrences at marine sites that result in their derived optima being
brackish instead of fresh. Because these species occur at high and low salinity
sites rather than across a continuum of sites from fresh to marine, their 'fresh'
published preferences are preferred. and their marine occurrences are considered
to be a result of transport. In one case where a species occurs at opposite ends of
the coastal gradient (Nitzschia dissipata var. dissipala), it is thought that a
different salt-water species was not differentiated from the tiesh water taxa at the
identification stage.
Species' salinity tolerances are not compared with published preferences because
many classification schemes do not take tolerance into account. Tolerances
derived from the calibration set are likely to have been affected by allochthonous
occurrences of valves in a similar way to the optima described above. For
example species mentioned above have very wide tolerances (Fig. 3.21) resulting
from the occasionalpresence at marine sites of predominantly fresh water species.
There are several other species that have one-offoccurrences at extreme ends of
the gradient 
- 
these may be allochthonous occurrences outside the species' life
range and so have resulted in wider tolerances (eg, Achnanthes lanceolata ssp,
dubia, Cymbella silesiaca, Frustulia rhomboides var. crassinervia and Nitzschia
capitellata).
For classification into broad categories such as marine, brackish and fresh, there is
a 9lo/o agreement between published preferences and those derived from the
calibration set. This indicates that published salinity preferences, derived
predominantly from Northern Hemisphere studies, are generally applicable to
diatoms living in the coastal zone of New Zealand. However for classification at a
more detailed level, there is only 48% agreement between the two sources used
here. There are several main reasons why this is likely to be the case. Firstly, there
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are only a few ecological salinity classifications presented in international
literature that use more than the broadest of categories so there is not always a
high level of detail available. Secondly, results from this study suggest that the
general lack of work in the coastal zone worldwide has meant that many species
are classified as fresh water when they are also widespread in brackish
environments. To list a few examples Fragilaria capucina var. vaucheriae,
Fragilaria ulna, Gomphonema minutum, Gomphonema pantulum and Hantzschia
amphioxys are classified as fresh water species but are commonly found at
brackish sites in the calibration set. Fresh indifferent or fresh brackish species
such as the varieties of Cocconeis plctcennila, Fragilaria construens f. subsalina,
Fragilaria pinnata var. pinnata, Fragilaria subsalina, Nitzschia inconspictta and
Nilzschia J'rustulum are also thought to have higher salinity optima than their
published classifications imply. The small size of this calibration set inhibits
detailed descriptions of species distributions so the suggested bias of international
literature toward the fresh water end of saliniW classifications can onlv be
regarded as a preliminary observation.
3.4.4 Modern Analogue Technique
The modern analogue technique (MAT) is used to provide an indication of which
fossil samples have good or fair modern analogues in the calibration set. Salinity
reconstructions are also produced using MAT as a means of assessing the
reliability of WA reconstructions (Birks, 1995).
Squared chord distance was used as the dissimilarity coefficient. Percentiles were
calculated for the modern calibration set to provide a guide as to what might be
the cut-off tbr a good analogue (Birks, 1995). The fifth percentile was used as the
cut-off for a 'good' analogue and the tenth percentile was used to indicate a 'fair'
analogue. The weighted mean of the six closest analogues produced the best
statistics for the calibration set (Table 3.7) but a weighted mean of three closest
analogues was used for calibration because of the small size of the dataset. Use of
six closest analogues for fossil samples would result in quite dissimilar samples
being used in the estimates.
Apparent RMSE and I are both worse than those derived from WA. However the
relationship between observed and inferred values is adequate enough to warrant
use of MAT for comparative purposes. Salinity reconstructions for each of the
Holocene sedimentary sequences using MAT are presented in Chapters Four, Five
and Six. Samples without good or fair modern analogues are highlighted and
reconstructions of these samples are treated with caution.
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Table 3.7. Modern analogue technique statistics for the calibration set.
3.5 CONCLUSIONS
The New Zealand coastal diatom calibration set presented in this chapter consists
of 50 sites, 305 diatom taxa and 23 statistically significant environmental
variables. Detrended correspondence analysis yields an important first axis
(1,:0.83) that separates species according to salinity preference and sites
according to waterbody type. The environmental gradient that best explains
variation in the diatom data is a coastal gradient defined according to waterbody
fype and salinity. Comparisons between indirect and direct gradient analysis
indicate that measured environmental variables explain the species data well. A
minimal set of environmental variables (exposure to salt, salinity, distance from
the sea, flow, carbonate, pH and precipitation) explain the data almost as well as
the full set of variables, and indicate the main coastal gradient (axis one) is made
up of three correlated gradients related to marine influence, exposure to salt and
energy regime. A secondary gradient in the data (axis t'wo) can be partially
explained as an acidity gradient. Gradients and variables associated with axis one
interact in a predictable way and constitute a spatial coastal gradient considered to
be equivalent to the temporal coastal gradient present in the Holocene
sedimentary sequences.
Weighted averaging regression of the calibration set resulted in a high corelation
(r2ju"r:O.84) between observed and diatom inferred salinity values for the modern
sites and a relatively low root mean squared enor of prediction. Greatest
prediction eror occurs in the centre of the salinity gradient as a result of the
inherent variability of brackish water environments. Nevertheless regression
statistics and comparison with other diatom-salinity transfer functions indicate the
predictive ability of the calibration set is powerful enough to reconstruct salinity
from past environments. Salinity optima and tolerances are presented for 100
species. In terms of three broad salinity categories (fresh, brackish, marine) these
optinra are consistent with published preferences providing confirmation that
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Taupo Swamp: Evidence for Sudden
Environmental Change from Reconstructed
Waterbody Type and Paleosalinity
t"
''t
Fig. 4.1 . Oblique aerial view of Taupo Swamp looking north.
Photo by Lloyd Homer.
SUMMARY
High resolution paleoenvironmental evidence is presented in this chapter for the
transformation of central Taupo Valley from an inlet of the sea to a fresh water
wetland. Sedimentological, macrofossil and diatom analysis of Hvo 
-500 cm long
cores indicates that three different depositional environments have existed in the
central part of the valley in the last 5500 years. A predominantly open lagoon
existed between 5500 and about 3 100 cal. years BP (calibrated years before
present). A very shallow fresh brackish pond existed for a short time before the
tieslr water wetland environment of the present day became established at about
2400 cal. years BP. Environmental transitions happened suddenly, involved large
magnitude changes to the environment and occurred synchronously across the
valley so are consistent with the effects of past large earthquakes. In the lower
valley immediately north of Plimmerton Township a very shallow, fresh brackish
lagoon existed until at least 1850 AD, and may well have disappeared as a result
of a small amount of uplift in the 1855 AD Wairarapa earthquake. The likelihood
that transitions were caused by coseismic movement of base level is discussed
further in Chapter Seven where transitions are compared with those described
from other sites.
4.1 INTRODUCTION
Taupo Swamp is a narrow two kilometre long fresh water swamp (Fig a.l )
occupying a north trending valley that drains into the outer Harbour of Porirua.
The swamp is situated in an area of Triassic sedimentary basement rock that is
closely bounded by the northeasterly trending Pukerua-Shepherds Gully Fault in
the west and the Ohariu Fault in the east (Fig. a.2). The swamp is fed by Taupo
Stream that drains an 820 ha catchment consisting predominantly of pasture.
Taupo Swamp was classified by Moar ( 1949) as a topogenous mire because a
topographic barrier at the southem end prevented tiee drainage. The swamp used
to rise from two metres above mean sea level (amsl) behind this barrier (a beach
ridge now occupied by Plimmerton township), to 20 m amsl at its northern end.
However the southern end of the swamp has been drained and developed for
farming and industrial use (Fig. 4.2). Various attempts have been made to infill or
drain other parts of the swamp, and the stream has been channelised for much of
its length, but the central and northem sections are now protected by the Queen
Elizabeth I[ Trust. Taupo Swamp is one of few topogenous mires with
predominantly indigenous vegetation remaining in New Zealand and is a highly






Ftg,4.2, NIap of Taupo,Swarnp. A Location in the Wollinglonregion. B: Sitemap
showing core positions. Only cores discu,ssed in this chapter are labelled.
The main vegetation types in the swamp are sedgeland and tussockland with New
Zealandtlax(Phormium tenax) being one of the major species (Bagnall and Ogle,
l98l ). Despite past attempts at draining the swamp, the water table is generally
maintained at the swamp surface and is preventing exotic weeds from becoming
more dominant (Bagnall & Ogle, 1981). Moar (1949) noted a small area of
Leptocarpu.s rushland considered to be a remnant of saline vegetation that would
have inhabited the site when the valley was open to the sea. However by the time
of the survey by Bagnall and Ogle ( l98l) it had been fully replaced by Carex
sedgeland.
Adkin (1921) in a geomorphological study of Porirua Harbour described Taupo
Valley as a drowned valley into which, at some stage, the sea penetrated about
one kilometre further than the present coastline. Later movement of gravel across
the valley mouth caused a lagoon to form and finally the valley to be completely
isolated from the sea. Aggradation then filled the waterbody to form the wetland
environment present at the site today. Adkin (1921) athibutes the raised gravel
beach ridge and shore platform of the Plimmerton coast to uplift in the 1855
earthquake on the Wairarapa Fault. Eiby (1990) discusses much of the historical
and geological evidence for the Porirua area and concludes that no uplift took
place in 1855. He argues that remnants of an uplifted wave-cut platform in outer
Porirua Harbour provide evidence for about one metre of uplift in a prehistoric
event or several events on the Ohariu Fault. This study of the depositional and
paleoseisrnic history of Taupo Swarnp provides some insight into these
discussions.
4.2 SEDIMENTARY SEQUENCES
4.2.1 Description of Sequences
Six cores were taken at various sites throughout Taupo Swamp in an attempt to
develop a generalised stratigraphy for the swamp (Fig. 4.2). However only two
cores penetrated deeper than 250 cm so these two were srudied in detail. It is
thought that the presence of pieces of wood and tough, fibrous organic material
inhibited hand-operated coring in the swamp. TS97- I is a 550 cm long sequence
from the margin of the valley near the present stream course, it has an age near the
base of 5598-5894 cal. years BP (Fig.4.3). TS98-2 is a 500 cm sequence from the
centre of the valley that is 5192-5457 cal. years BP at the base. The cores are 4.8
and 4.2 m amsl respectively. A short core immediately north of the playing field
at the southern end of the valley was also analysed to provide insight into the
history of this reclaimed part of the swamp. This core is discussed separately in
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TS97-l consists predominantly of brownish black, organic mud and peat. Units of
sand-poor mud occur occasionally throughout the sequence. Contacts between
units are generally gradational. Small pieces of wood and fibrous plant material
are scattered throughout the core. In the lower half of the sequence the bivalve
Austrovenus stutchburyl is present and is most common in the lowest 50 cm.
Small gastropods and the mussel Hltridella menziesi occur in several layers
between 550 and 324 cm depth. Foraminifera and ostracods are also present.
There are no shells in the upper half of the core and sediments are generally finer-
grained and more organic.
TS98-2 is a coarser-grained sequence than TS97-1, consisting of alternating sands
and sand-rich muds between 500 and 160 cm depth. Most of this sediment is rich
in organic material with pieces of wood and fibrous plant material occurring
throughout. A thick unit of peat exists frorn 160 cm to the top of the core.
Contacts between units are generally sharp. An assemblage of shells, foraminifera
and ostracods similar to that found in TS97- I occurs in distinct lavers between
500 and 374 cm depth.
Fi5.4.4. Sediment accumulation rate curves for TS97-l and TS98-2 based on
calibrated radiocarbon age estimates. Maximum and minimum curves for each






Broad estimates of sediment accumulation rates are calculated for cores TS97-l
and TS98-2 using available radiocarbon ages (Fig. a.a). Rates average about one
millimetre per year (mn/yr) for TS97-1. In the lower half of TS98-2 rates are
likely to have been between 0.7 and 1.5 mm/yr and slightly higher for the peat
unit at the top of the core between about 0.9 and 1.7 mm/yr. In the central part of
TS98-2 estimates range between 0.36 and 6.5 mm/yr which is partly a result of
age overlap between adjacent dates when using the 2-sigma range but may also
indicate widely varying rates of deposition in this interval.
4.2.2 lnterpretation of Sequences
The generally high organic content and fine grain size of TS97-l indicates the
sequence was deposited in a low energy environment and TS98-2 was deposited
in a slightly higher energy regime. The lower halves of both cores were deposited
in an environment subject to varying conditions as represented by the altemating
units of different grain sizes and organic content. The presence of the estuarine
bivalve Austrovenus stutchburyi below 300 cm indicates the environment was
saline. However the small size of the valves (-17 mm length) suggests the site
was a brackish environment at the head of an estuary (Beu and Maxwell, 1990)
rather than an open marine site. Small brackish and freshwater gastropods and the
freshwater mussel Hyridella ntenziesi also occur in this interval supporting the
interpretation that the environment was brackish with fresh water inf'lows rather
than fully marine. The foraminif-eral assemblage was dominated by Antmonia
parkinsoniana (Iohn Collen, pers. conrm., 1999) which is widespread in brackish
and slightly brackish environments and often dominant in intertidal and subtidal
zones of estuaries (Hayward et al., 1999). Ostracod species present are also
typical of brackish water conditions (Steven Eager, pers. comm., 1999).
The upper halves of the sequences represent a more stable environment with a
major proximal source of organic material and little input of siliciclastic sediment.
The units of peat in particular are likely to have been deposited in a marsh or
wetland environment. The position of the transition between the brackish
environment and fresh wetland that exists at the site today is not obvious from the
sedimentology alone. In TS97-l between 238 and 241 cm depth there is a
particularly organic-rich layer that contains many small rootlets. This may
represent initiation of soil / wetland conditions at the site. In TS98-2 there is a unit
of sand between 227 and,262 cm depth that appears non-marine because it is
banded by high concentrations of organic material. This may represent movement




About 200 diatom species were identified in TS97-l and TS98-2 (full species
counts are presented in Appendix VI). Both cores have very similar diatom
assemblages with differences usually reflecting the differing locations of the core
sites within the valley. Diatom samples were generally analysed at l0 cm spacing,
with 20 cm spacing used over a stable interval in TS97-l and 5 cm spacing usec
over transitional intervals. [n the lower halves of both cores counts always
consisted of at least 400 diatom valves. In the upper halves of the cores counts
were made of at least 100 valves and occasionally less because of difticulties with
diatom concentration. Concentrations calculated for these upper samples were
moderate but even when made using concentrated solution there appeared very
few diatoms on the microscope slides. This discrepancy is thought to be a result of
using sediment weight in the concentration calculations. For example a peat
sample with low concentrations of diatoms will have a relatively higher
concentration calculated for it in comparison with a sand sample because of its
light weight.
Three distinct assemblages divide the sedimentary sequence at Taupo Swamp into
tlrree zones (section 4.3.2). Paleoenvironmental interpretations of zones (section
4.3.3) are made using traditionalpaleoecological procedures of allocating species
into salinity and habitat types based on published autecological intbrmation
(Appendix III). In section 4.3.4 fossil diatom assemblages are plotted passively
onto a detrended correspondence analysis of calibration set samples to determine
past waterbody fype. Salinity reconstructions are presented in section 4.3.5 using
the diatom-salinity transfer function derived in Chapter Three.
4.3.2 Definition of Diatom Assemblage Zones
Three diatom assemblage zones are defined for the sedimentary sequence at
Taupo Swamp according to species composition, concentration, species richness
and preservation (Table 4. I ). Key species of each zone are those that are abundant
in the assemblage and / or unique to the zone. Zone A at the base of the sequence
consists of a diverse assemblage of diatoms that occur in high concentrations in
the sediment and are well preserved. There are ten key species with a further five
that occur in greater abundance or solely in TS98-2. Pseudopodosira species are
fairly abundant but do not fit existing taxa descriptions in reference floras
consulted in this study. ZoneB has a peak of high concentration at the base of the
zone and then is of moderate concentration and moderate species richness. It is
defined by the abundant presence of small Fragilaria species. Zone C contains
moderate concenfrations of diatoms with high species richness. The fluctuation in
diatom concentration that occurs between samples in zone C (particularly in
TS98-2) suggests that dissolution may have affected the assemblages. The zone is
characterised by the occurrence ofseven key species.
94
















F rao i I a ri a b rev i stri ata
































G om phone ma vale nti nica
Achnanthes p/oenensis
Cocconeis c. f .
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Table 4. I . Definition of diatom assemblage zones for cores TS97- I and TS98-2.
Species with nurnbers in superscript occur only or more abundantly in the
corresponding core.
4.3.3 Interpretation of Diatom Assemblage Zones
The three diatom assemblage zones of Taupo Swamp represent three different
depositional environments. Diatom species have been grouped according to their
salinity and habitat preferences to enable description of these past depositional
environments (Figs 4.5 and 4.6). In zone A brackish marine, brackish and fresh
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Fig. 4.5. Diatom assemblages of core TS97-1. A: Diatoms grouped according to salinity
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Fig. 4.6. Diatom assemblages of core TS98-2. A: Diatoms grouped according to salinity
preferences. B: Habitat preferences. C: Concentration of diatotn valves in the sediment.
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includes high proportions of Pseudopodosira species that are likely to have
brackish salinity preferences but they have not been identified to species level so
are not placed in a salinity category. A brackish environment is inferred with
salinities high enough to support brackish marine diatoms throughout this interval.
Small numbers of marine species suggest the waterbody was open to the sea but
the connection was probably some distance from the core sites. Fresh brackish
species make up a small but consistent proportion of the assemblage, possibly
inhabiting slightly less saline waters towards the landward edge of the waterbody.
Fresh water diatoms are likely to have been transported to the waterbody from a
fresh water source or they inhabited a fresher surt'ace layer of water. Transport is
supported by peaks in fresh water diatoms being made up of single species (eg,
Cyclotella stelligera) and these species being from easily transportable habitats
such as planktonic and tychoplanktonic habitats. In TS97-l a short-lived fresh
water event occurred at 300 cm depth because the assemblage of this single
sample consists entirely of fresh indifferent and fresh water species.
The habitats of species in zone A are predominantly benthic and tychoplanktonic.
This indicates that the waterbody was shallow. The planktonic species present are
fresh and fresh indifferent species that were probably transported into the
waterbody as noted above. Epipelic and epiphytic species are both present in high
proporlions so a muddy substrate with macrophytes growing is infen'ed. The
proportion of epiphytics is higher in core TS97- l suggesting that macrophytes
were nlore numerous or more proximal at the valley margin site than the central
valley site of TS98-2. The higher proportion of epipsammic species in TS98-2
also reflects the higher energy regime position of this core in comparison with the
valley margin core. Peaks in epipsammic species generally coincide with peaks in
marine and brackish marine species and units of coarser sediment in the core (eg,
at 380 cm depth in TS98-2) highlighting periods of greater marine influence at the
site. There is a complete lack of aerophilic species in both cores indicating that
although the waterbody was shallow, there was permanent open water at the site.
Zone B is dominated by the fresh indifferent, tychoplanktonic species Fragilaria
pinnata and Fragilaria brevistr"iata. Other species present are brackish, fresh
brackish or fresh. The complete lack of marine and brackish marine species
indicates the environment was isolated from the sea. Water of the past
environment appears to have been fresh at the marginal valley site and fresh
brackish at the central valley site. This is because salt intolerant species are
present in TS97-l in zone B and very few brackish species whereas TS98-2
contains brackish species and very few salt intolerant species. Tychoplanktonic
and benthic species predominate, so the environment was very shallow. Zone C is
dominated by fresh and salt intolerant diatoms indicating that a pure fresh water
environment existed in the valley throughout this time. The occurrence of some
fresh indifferent and fresh brackish species can be explained by looking at the
habitat preferences of these species. They all have tychoplanktonic or aerophilic
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habitat preferences so are probably present because they are competitive in low
water settings rather than because the salinity suits them particularly. Habitat
analysis indicates very shallow water depths, with high proportions of aerophilic
species suggesting that a wetland environment existed at both sites. Although
there are high proportions of planktonic species also, the category is made up of
one species, Aulacoseira crenulala, which is known from modern sampling to be
a shallow water planktonic form (Cochran, unpublished data). Pools of water
within the wetland would have allowed Aulacoseira crenttlala to exist as part of
the assemblage. The presence of acidophilous species such as Pinnularia
sttbcctpitata and Navicula angttsla indicates waters were slightly acidic which is
typical of peat-forming environments.
4.3.4 Reconstruction of Waterbody Type
A detrended correspondence analysis (DCA) of 46 calibration set samples in
Chapter Three resulted in an ordering of sites along axis one according to
waterbody type. This enabled division of ordination space into five waterbody
types based on diatom assemblages. Diatom assemblages from Taupo Swamp are
incorporated passively into the same DCA to provide an indication of the
waterbody types that the fossil diatom assemblages represent (Eig.4.7). Passive
samples have no influence on the exffaction of axes but are plotted on an
ordination diagram by means of transition formulae (ter Braak, 1988). Samples
are positioned according to their species composition so samples with similar
diatom assenrblages occur close together on the diagram.
Diatom samples from TS97-l and TS98-2 conform to the coastal gradient defined
by the calibration set because they plot along axis one of the DCA in a similar
manner to the modern samples (Fi5.4.7 A). At the landward end of the gradient
they spread along axis two into a field that, although defined by only three
modem samples, was identified as a wetland field. Fossil samples from Taupo
Swamp plot in the lagoon, lake and wetland fields. Diatom assemblage zones are
well separated by the DCA (Fig. 4.7 B and C) and transitions between zones
involve long distances (particularly in TS97-1) indicating large changes in
waterbody type berween zones. Samples of zone A plot centre right in the lagoon
field with scatter around a central cluster representing fluctuating conditions. For
example the sample at 300 cm depth in TS97-l that was identified as a fresh water
event plots at the far left of the lagoon field and samples representing greater
marine influence plot at the far right (eg, sample 380 in TS98-2). The position of
zone B samples reflects the difference between core sites with TS97-l samples
plotting in the lake field and TS98-2 samples at the left of the lagoon field. Zone
C samples from both cores plot in the wetland field. These waterbody types
derived through comparison of fossil diatom assemblages with those from modern
waterbodies, are consistent with and confirm the validity of paleoenvironmental
interpretations made directly from fossil assemblages.
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4.3.5 Application of Salinity Transfer Function
The DCA (above) illustrates that fossil diatom assemblages from Taupo Swamp
are part of a coastal gradient similar in nature to that defined by the calibration set
assemblages. Calibration set samples extend further in both the seaward and
landward directions along axis one and also in both directions along axis two.
This is desirable for reconstruction to avoid truncation of species response curves.
However in the wetland field of the DCA, the upper half of axis two, there are
very few modern samples so reconstruction is likely to be inhibited by lack of
analogues. Poor preservation and low counts of zone C samples will also inhibit
their reconstruction. In terms of species, 76%o of those present in TS97-l are also
present in the calibration set and 82% of species in TS98-2 are represented. There
are species in each zone that are not present in the calibration set but they are
generally of low abundance.
Weighted averaging calibration is based on the idea that the value of an
environmental variable at a particular site will be close to the optima of those
species that are abundant at the site (Birks, 1995). The value of the environmental
variable is estimated as the average of the optima of all the species present
weighted according to species' abundance. Salinity optima for species in the
calibration set derived in Chapter Three are used here to estimate salinity values
tbr the fbssil samples. Weighted averaging calibration was carried out using
CALIBRATE (Juggins and ter Braak, 1997-99) and MAT98 (Juggins, 2000) was
used to apply the modern analogue technique. The computer intensive cross-
validation procedure of bootstrapping is not available in CALIBRATE so a means
of assessing results is provided by comparison of three different models i methods
used for reconstruction of the same data. Simple weighted averaging, weighted
averaging with tolerance downweighting and the modem analogue technique were
all used to reconstruct salinity (Fig. 4.8).
The lower halves of both cores show a great amount of variability in salinity
values but the three different models are generally consistent in the direction of
fluctuation for each sample (Fig. 4.8). For example the fresh water event at 300
cm in TS97-l is picked up by all three models, as is the marine event at 380 cm in
TS98-2. In the upper halves of the cores WA and WA-tol are in close agreement
whereas the MAT reconstruction differs at several points. This is no doubt a result
of the lack of close modern analogues for this upper section. Only three modern
samples are fresh water wetlands and three modern samples are used by the
technique to estimate past salinity for the fossil sample. This means that where a
fossil sample is dissimilar to one of the wetland samples, another sample will
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Salinities in the lower halves of the cores average about five grams per litre (gl-')
in TS97-l and 7 gl-r in TS98-2. The widely varying salinity values in these
reconstructions are probably partly a result of the lower predictive ability of the
calibration set in the brackish part of the gradient (Chapter Three) but
sedimentology of both sequences confirms the environment was also variable in
nature (section 4.5.2 above). WA and WA-tol salinity reconstructions for diatom
zone C in the upper halves of both cores average about 0.2 gl-r which is consistent
with present day salinity measurements at the site. As mentioned above MAT is
problematic in this zone because of the small size of the calibration set. However
towards the top of the zone where fossil samples approach modern samples in
terms of assemblage similarity, MAT reconstructions coincide with those of WA
and WA-tol.Zone B is differentiated from zone C by higher salinities in both the
WA and WA-tol reconstructions. At the TS97-l site salinity of zone B is about
0.4 gl-' and at the TS98-2 site it averages I gl-'. Although MAT indicates lower
salinities for zones B and C than those of zone A, zone B is not clearly
differentiated from zone C because of poor reconstructions in the upper part of the
sequence.
ln terms of position on the generalised coastal gradient defined in Chapter Three,
these salinity reconstructions indicate existence of a waterbody open to the sea
and movement in a landward direction with decreasing depth up the core
sequence to a waterbody completely isolated fronr the sea and located at the
extreme landward end of the gradient. Landward movement along the gradient did
not occur continuously through time but appears to have occurred in two main
steps. Between these transitional steps environments were stable, i.e. even if they
were highly variable over the short term (as in the case of zone A), they did not
represent any movement along the gradient in the long term.
4.4 PALEOENVIRONMENTAL RECONSTRUCTION
Sedimentology, macrofossils and diatom assemblages provide evidence with
which to determine the nature of past depositional environments at Taupo Swamp
(Table 4.1). Interpretation of this evidence indicates that three different
depositional environments have existed at the Taupo Swamp core sites over the
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The presence of small shells of Austrovenus stutchburyi and estuarine
foraminifera and ostracods indicate the environment of zone A was brackish water
with a fairly distal connection to the sea. The alternating grain size and organic
content of sediments throughout this zone suggest a variable energy regime
consistent with a tidally influenced site. Diatom assemblages also denote the
existence of a brackish water environment with salinities averaging around 7 gl-r
in the centre of the valley and 4 gl-r at the valley margin. An open connection with
the sea is suggested by the presence of open marine diatoms. In effect the
environment could have been a small sheltered inlet or an open lagoon at the head
of such an inlet. The high number of epiphytic diatoms and the organic nature of
the sediment are more in line with a sheltered, low energy lagoon than the tidal
f'lat of an inlet. The high proportion of organic material in the sediment also
suggests deposition took place at a high intertidal elevation as organic material
generally increases from low to high intertidal zones (Nelson et al., 1996b). The
site is unlikely to have been a salt marsh because although high proportions of
tychoplanktonic species indicate the area was shallow, the complete lack of
aerophilic species implies it was permanently ponded. A predominantly open
lagoon at the head of an inlet is inferred as the past depositional environment.
Zone B is dominated by small Fragilaria species that have been termed 'isolation
indicators' as they are found in high numbers around marine isolation contacts in
Norwegian basins and are thought to be associated with rapid changes in water
chernistry (Stabell. 1985). In modenr sanrplirrg in New Zealand high abundances
are also associated with very shallow water i.e. <5 cm depth (Cochran,
unpublished data). These species are fairly indifferent to salinity but the complete
lack of marine and brackish marine species in the assemblage indicates the
waterbody was isolated from the sea. Brackish and fresh species existed in the
central valley but salt intolerant wetland species inhabited the valley margin and
only a few slightly brackish species continued to live there. Salinities estimated
for the paleoenvironment range from I gl-r in the central valley to 0.4 gl-l at the
margin.
Zone B is represented in TS97-l by a thin unit of organic mud with small vertical
rootlets preserved. This suggests the site was shallow enough for plants to become
established at this time. However in TS98-2 the sedimentary sequence consists of
a thin unit of mud at the base and a medium grained, well sorted sand with
organic banding above this. The coarseness of the sand is unusual for deposition
in such a shallow, low energy waterbody. Therefore the core site is thought to
have been located near the fresh water inflow and the sand deposited relatively
rapidly by the stream. Sediment accumulation rates support the possibility of a
period of rapid deposition in the central part of TS98-2. Zone B is considered to
represent an extremely shallow, isolated, fresh brackish waterbody that was a
short-lived. transitional environment between those of zones A and C.
ln cornparison with modern samples (Fig. 4.7) zone B is defined as a lake
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(TS97-l) or a permanently closed lagoon (TS98-2) but because of its very shallow
and shortJived nature, 'pondo is adopted as a more appropriate term.
The sedimentary sequences of zone C consist of peat and organic mud that point
toward the existence of a wetland environment as is present at the site today.
Fresh and salt intolerant diatoms dominate the assemblages of zone C indicating
that a pure fresh water environment existed in the valley throughout this interval.
Diatom-infened salinity averages about 0.2 gl-r. High proportions of aerophilic
species are consistent with a wetland environment with the water table being at or
near the surface. However greater numbers of the planktonic species Aulacoseira
crenulata suggest the wetland was wetter than the site today with the presence of
ephemeral pools of water. Numerous macrophytes grew in the valley resulting in
high proportions of epiphytic diatoms. Slightly acidic waters are inferred for the
interval because of the presence of acidophilous species. An increase in acidity is
considered to be the final stage in the progressive decrease in salinity and height




Paleoenvironmental reconstruction of sedirnentary sequences fiom Taupo Swamp
indicates that isolation of TaupoValley from the sea occurred in two discrete steps
between 
-3000 and 2000 cal. years BP. The two main transitions in depositional
environment (Fig. 4.10) involve a lowering of relative sea level. These are
investigated for information about the cause of change in environment. The
criteria of Nelson et al. (1996b) are used to help distinguish between coseismic
and aseismic causes of change (Chapter Two).
Adkin (1921) cites evidence for transport of gravel along the eastern coast of
outer Porirua Harbour and also for the existence of an inner and outer gravel
beach ridge. Eiby (1990) ascribes the existence of a renmant rock platform in
outer Porirua Harbour to one or more coseismic uplift events on the Ohariu Fault.
These studies indicate that both sediment transport and coseismic movement of
base level are likely to have played important parts in the history of isolation of
Taupo Valley. Sea leveI change is unlikely to have been a major factor because
the main sea level fall around New Zealand in the last 6500 years occurred at a
time when no change is inferred from the sequences 
- 
















































4.5.2 Description of Transitions
The change at transition A-B (241 cm depth in TS97-l and282.5 cm depth in
TS98-2) is inferred to have happened suddenly because diatom assemblages were
traced over the transition horizon using wet mounts between the permanently
mounted samples and they change completely over a three centimetre interval.
Considering the likely occurrence of some bioturbation this is a very rapid
transition. There is a sharp contact in both sedimentary sequences to finer-grained,
more organic sediment. In TS97-l a two centimetre thick organic rootlet layer
occurs immediately above the transition indicating that soil-forming conditions
initiated at the site. A large scale environmental change is inferred to have
occurred across the transition because the paleoenvironment changed from an
open brackish lagoon at the head of an inlet to an isolated, fresh brackish, very
shallow pond. Only six diatom species overlap into zone B out of an assemblage
of at least 80 species in zone A. Diatom inferred salinity decreases by an order of
magnitude from brackish to fresh at the valley margin site and from brackish to
fresh brackish in the valley centre.
A barrier closing across the valley mouth could cause a large change in salinity
quite suddenly but would not account for the shallowing and draining of the site
that occurs in this case. The contacts are unlikely to be erosional from channel
cutting or a flood event because both cores show the same transition occurring
synchronously in different parts of the valley. If the change is coseismic in origin
then inundation of the valley by tsunami at this time is a possibility. There are
relatively coarse grained and inorganic units immediately below the
environmental transitions in each core that may represent a higher energy influx
to the sites. However there is no evidence to suggest an open marine source for
the units and in TS97-l the lower contact appears gradational. The core sites are
over a kilometre from the open coast so any indication of such an event is likely
to be minor.
Changes to diatom assemblages at the B-C transition (222.5 cm depth in TS97-l
and227 -5 cm in TS98-2) include the complete disappearance of brackish species
and substantial increases in the proportions of salt intolerant and aerophilic
diatoms. These changes are not the result of gradual decline or increase
throughout zone B but occur suddenly at the B-C horizon suggesting that the
environmental change also occurred suddenly. The change is not distinguishable
in the sedimentary sequence of TS97-l but involves a sharp contact to finer
grained sediment in TS98-2. This probably relates to movement of the sfieam
channel away from the core site. Transition B-C consists of a change in
paleoenvironment ffom a fresh brackish shallow pond to a completely tiesh water
wetland environment. The final stage of isolation at the core sites is denoted by
decline of reconstructed salinity values and inferred water depth across the zone
boundary. The transition may represent a longer-term adjustment to changes that
occurred at the A-B transition, for example final drainage of the site due to water
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table adjustment. However if the waterbody of zone B existed for more than a few
decades then change is more likely to be the result of an additional event.
An extensive impediment to drainage in Taupo Valley must also be invoked to
explain the persistence of the wetland environment through to the present day.
Although closure of a barrier across the valley mouth could explain development
of a wetland, the present day extent of the wetland for two kilometres up the
valley suggests that tectonic tilting may have contributed to the process.
4.5.3 Change in Elevation
A relative change in elevation is inferred at the A-B transition because the
paleoenvironment changes from a high intertidal elevation to a supratidal
elevation. At the B-C transition, change in elevation is infened from a change in
water table level 
- 
from below the surface in the open water pond environment of
zone B to at the surface in the wetland environment of zone C. However there are
no ideal sea level index points preserved in the sedimentary sequences of Taupo
Swamp because environments of zones A and B are unlikely to have been
naturally adjacent if sudden barrier closure and / or coseismic uplift is the cause of
transition between them. There are also no modern equivalent index points in the
valley from which to measure an elevation difference because the environment
has changed so completely over the time period investigated.
If it is assumed that the environments of zone A and B were naturally adjacent,
and that tidal range has remained the same over the last few thousand years, a
minimum estimate of net vertical movement can be calculated. Zone A was a tidal
environment with an elevation around the high intertidal level. The environment
of zone B was supratidal so the A-B transition is assumed to have been in the
vicinity of paleo mean high water springs. The current spring tidal range for
Wellington is 1.02 m (Hydrographic Information 2001, Land Information New
Zealand) so mean high water springs is 0.51 m amsl. When the cores are placed
according to their position above present mean sea level (Fig. 4.1 I ) estimates of
net uplift of 190 cm for TS97-l and 90 cm for TS98-2 are calculated.
The difference in estimates between cores indicates that paleo mean high water
springs was probably further up the valley from the TS98-2 core site at this time.
This makes sense considering TS98-2 is located in the valley centre at a lower
elevation than the valley margin core and highlights why sudden environmental
transitions cannot be used as reliable sea level index points. The difference in
measured net uplift between the cores and remnant rock platform suggests there is
a higher platform that has not been identified or preserved. It is possible that
platforms have not beerr distinguished or heights measured accurately considering
the only remains of the 

















Present Mean Sea Level
Fig. 4. I l. Inferred tidal elevation of the sedimentary sequences at Taupo Swamp and
their position relative to present mean sea level. If the A-B transition is taken to be in
the vicinity of paleo mean high water springs, estimates of net vertical movement of
190 cm and 90 cm are obtained. However transition A-B is unlikely to be a good
sea level index point (see text). lll
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4.5.4 Age of Transitions
The A-B and B-C transitions at Taupo Swamp are considered to be closely spaced
in time because of the thickness of sediment deposited in zone B. In TS97- I only
l9 cm of sediment is present in zone B and at the average sediment accumulation
rate for this core that represents less than 200 years. In TS98-2 there is 20 cm of
fine-grained sediment and a unit of sand that, as discussed above, was probably
deposited relatively rapidly by the sffeam so 200 years is a reasonable estimate for
the time span of zone B in this core as well. Three bulk sediment radiocarbon
dates will not provide the resolution required to clearly differentiate the age of
two such closely spaced events. However there is clear evidence from diatom
assemblages that two events did occur in this interval and the dates provide a
bracket for timing of these events.
In TS97- I there is a radiocarbon dated sample from the organic rootlet layer
immediately above the A-B transition so it provides a minimum age for the
transition of 2750-2330 cal. years BP. In TS98-2 there is a date below the A-B
transition but it was an organic sand sample likely to have had older organic
material incorporated into it so at 3850-2450 cal. years BP, it is ffeated as a
maximum age. Therefore the age range of 3850 and 2330 cal, years BP brackets
the A-B transition. The B-C transition in TS97-1 is estimated to have occuned
between 2600 and 2100 cal. years BP using maximum and minimum sediment
accumulation rates (and rounding to hundreds enclosing the greatest age range).
A dated sample immediately above the B-C transition in TS98-2 provides a
nrinimum age of 2720-2350 cal. years BP for the B-C transition. Therefore an age
range of 2600-2350 cal. years BP can be inferred for the B-C transition. Estimated
ranges for the A-B and B-C transitions overlap to some extent and support the
idea that transitions were closely spaced in time. The dates are also consistent
with events being synchronous in both cores.
4.5.5 The Playing Field Core: Uplift in 1855 AD?
There is definite evidence of coseismic uplift in outer Porirua Harbour in the form
of a raised beach ridge and wave-cut platform. Diatom assemblages in
sedimentary sequences from Taupo Valley indicate that this uplift is more likely
to have occurred several thousand years ago than in the 1855 Wairarapa
earthquake as proposed by Adkin (1921). Historical evidence for the occurrence
of vertical movement inthe Porirua area as a result of the 1855 earthquake is
contradictory. Eiby (1990) analyses geological and historical evidence and
concludes there was no uplift. Grapes and Downes (1997) uncover numerous
primary and secondary historical reports of the earthquake and descriptions of
effects in the Porirua area include uplift, no effect, subsidence and tsunami
inundation. The report considered most reliable (that of Edward Roberts of the
Royal Engineers) suggests uplift occurred as far north as Paekakariki (13 km
north of the mouth of Taupo Valley) where uplift at the coast was very slight
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(Grapes and Downes, 1997). Reports of subsidence are thought to have referred to
differential subsidence caused by compaction of soft sediments rather than
movement of base level (Grapes and Downes, 1997). A short core (PF00-l) was
collected at the southern end of the valley 2.2 m amsl in an attempt provide
geological evidence for effects ofthe 1855 earthquake.
The core consists of 3l cm of sediment that is predominantly organic sand-poor
mud. Between 7.5 and 9 cm depth a dark brown thin organic rootlet layer is
preserved and the top one centimetre is dark brown organic soil material. Five
samples analysed from the upper l5 cm have high concentrations of well
preserved diatoms with concentration decreasing by an order of magnitude above
the lower soil layer. Samples are dominated by fresh indifferent, tychoplanktonic
Fragilaria species but there is a diverse assemblage of species from marine
through to fresh water preferences. The domination by Fragilaria species was
probably the result of exffeme shallowness of the waterbody. lt appears to have
been a fresh brackish environment with inputs from both fresh water and marine
sources.
Pollen analysis was carried out in an attempt to date the sediment using the arrival
of exotic plant species. For example Pinus radiala was first recorded in
Wellington in 1865 AD and is considered to have its first appearance as pollen in
sedimentary sequences about 1890 AD (Dunbar et al., 1997). Unfortunately
pollen assemblages were not well preserved and no exotic plant species were
encountered. This could be interpreted to mean the all the sediment is older than
late I 800s or that pollen grains have been transported out of the system and / or
not preserved. lnstead it is assumed that no sediment is missing from the sequence
and in that case diatom assemblages indicate a waterbody existed at the site in the
very recent past. This is supported by the presence of a lagoon at the lower end of
Taupo Valley on the earliest Admiralty chart of Porirua Harbour (Stokes, 1858)
which was surveyed in 1850.
Diatom assemblages and sedimentology are consistent with occuffence of a small
amount of uplift in the lower Taupo Valley in the 1855 Wairarapa earthquake
because they indicate the site changed from a shallow waterbody to soil-forming
conditions at some time in the very recent past. Disappearance of the waterbody
in the last 150 years could also be the result of infilling by sediment accumulation
or anthropogenic drainage. Samples from deeper in the sequence and further cores
would be required to distinguish between these causes by documenting whether
the change took place gradually or suddenly, whether there is evidence of tsunami
inundation and whether the change is valley-wide. However support for a
coseismic cause of disappearance of the waterbody comes from Maori history of
the area. It is recorded that Taupo Pa, situated at Plimmerton between the lagoon
and Porirua Harbour, no longer had the defence of water on both sides after 1855
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because uplift raised the lagoon bed above water level (Pomare rr.' Anon., 1989).
The amount of vertical movement could have been very minor considering the
waterbody was very shallow (in the order of a few centimetres or decimetres)
which explains the contradictory historical reports and lack of morc definitive
geological evidence in the form of uplifted coastal features. Evidence of this uplift
would not be expected in diatom assemblages of the central valley cores because
the amount of vertical movenrent would only result in small hydrological changes
to the wetland.
4.6 CONCLUSIONS
Sedimentology and diatom analysis of two 
-500 cm sedimentary sequences from
Taupo Valley enable past environment to be reconstructed for the late Holocene.
Six radiocarbon dated samples provide a chronology for the sequences. Diatom
assemblages are interpreted using traditional salinity and habitat preferences and
through compzu'ison and calibration with a modern coastal diatom calibration set.
There is good agreement between these diatom-based reconstructions and with
grain size and macrofossil data resulting in reconstructions of waterbody type,
salinity and energy regime.
Paleoenvironmental reconstructions indicate the site has changed from a tidally
influenced brackish lagoon to a shallow iiesh brackish pond and finally to a fresh
water, slightly acidic wetland over the last 5500 years. Both environmental
transitions occurred suddenly around 3100 and 2400 cal. years BP and involved
large magnitude changes in environment. The first transition involved shallowins
and isolation of the waterbody tiom the sea. The second transition involved
freshening and shallowing of the waterbody to the point where the water table was
at the sediment surtace. Transitions are consistent with coseismic upliti and a
minimum amount of vertical movement of between 90 and 190 cm uplift is
estimated from the sequences.
A short core from the lower Taupo Valley indicates that a fresh brackish lagoon
existed immediately behind Plimmerton in the very recent past. Transformation of
the area from a waterbody to a soil-forming environment could well have
occuned as the rcsult of a few centimetres to decimetres of uplift in the 1855
Wairerapa earthquake but further investigation is required to confirm the
geological evidence for this cause.
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CHAPTER FIVE
Okupe Lagoon: A History of
Punctuated Isolation from the Sea
Fig. 5. I . Oblique aerial view of Okupe Lagoon looking northwest.
Photo by Lloyd Homer.
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A record of isolation from the sea of a site close to sea level is presented in this
chapter. Sediment transport and accumulation have played a large part in the
history of Okupe Lagoon but coseismic movements of base level also appear to
have been important causal factors in the isolation process. Sedimentology,
macrofossils and diatom assemblages of cores taken from the lagoon indicate that
five different depositional environments have existed at the site over the last 5000
years. Between about 5000 and 3200 cal. years BP (calibrated years before
present) a sheltered inlet existed on the coast 
- 
probably protected by an earlier
form of the boulder bank that lies to the north of the waterbody today. A
shallower, more sheltered environment, such as a predominantly open lagoon, is
inferred to have existed from 3200 until 2300 cal. years BP. At 2300 cal. years BP
the environment changed to a predominantly isolated marsh environment with
little or no open water at the site. The present configuration of an open water
Iagoon completely isolated from the sea initiated about 1000 cal. years BP. The
lagoon became more favourable for diatom habitation around 500 cal. years BP
possibly as a result of increased nutrient input into the waterbody. Transitions
between depositional environments appear to have occurred suddenly, consisted
of large rnagnitude changes in diatom assemblages, water depth changes,
catchment disfurbance and possibly influx from the sea.
5. I INTRODUCTION
Okupe Lagoon (Fig. 5.1) is located on Kapiti Island which is a bird sanctuary and
nature reserve that lies 5.5 km off the west coast of the southern North Island of
New Zealand (Fig. 5.2). The indurated sedimentary basement rock of Kapiti
lsland is considered to be part of Wellington region Torlesse Terrane rather than
Pelorus Group of the Marlborough Sounds region to the south (Moore and
Francis, 1988). The seaward extension of the Wairau Fault runs west of Kapiti
Island (Carter et a[., 1988). A zone of phyllonite along the eastem side of the
Island suggests it is also bounded by a fault in the east (Fleming and Hutton,
1949) but evidence for Quaternary movement on this fault is lacking (Moore and
Francis, 1988). Minor deposits of Holocene sediments exist around the coast of
the Island. Okupe Lagoon exists on a lobe of such sediments at the northeastern
end of Kapiti Island (Fig. 5.2). The water surface of the lagoon is only two metres
above mean sea level (amsl) and water depth is about 50 cm. The lagoon is
completely isolated from the sea by boulder and gravel storrn beach ridges.
However it probably has groundwater comection with the sea because water in
the lagoon has salinity values of over 20 grams per litre (g l-'). The catchment
consists of one small valley, the streambed of which is dry for most of the year.
Fresh water input is assumed to be rainfall and some groundwater from the
catchment.
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Fig, 5.2. Map of Olalpe Lagoon. A: Loeation in ther\Mellington re,gion. B; S,ite map
showing core p-ositions. Only cotes diseussed in this chapter are labelled.
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Several geological surveys of Kapiti Island note the presence of raised beaches,
boulder-banks and benches indicating recent uplift of the island (Fenar, 1928;
Fleming and Hutton, 1949; Moore and Francis, 1988). Moore and Francis (1988)
describe remnants of old beaches, wave-cut platforms, sea caves and stranded
stacks ranging from 1.5 to 4 metres above high water mark along the east coast of
Kapiti Island. At Kurukohatu Point they note the existence of two distinct beach
ridges, the lower one is attributed to the modern storm beach and the higher one is
an older beach thought to have been uplifted by about two metres. Features were
not directly measured or dated by Moore and Francis (1988) but were considered
to be a result of 1.5 - 2 m of uplift in the 'c. 1460 AD earthquake' or the combined
effects of a number of late Holocene earthquakes.
The sedimentology and diatom analysis presented here is part of a wider study
designed to describe the storm ridges at Kurukohatu Point and determine the
depositional history of Okupe Lagoon. The wider study included surveying
profiles of the storm ridges and analysing fossil foraminifera and pollen in cores
taken from the lagoon. The results of these parts of the work are reported
elsewhere (Goff el a|.,2000) but some details are used in this chapter to support
the diatom evidence. In particular Goff el al., (2000) provide revised estimates of
height differences between the two beach ridges and foraminiferal data provide
useful information regarding tidal elevation of sediments.
5.2 SEDIMENTARY SEQUENCES
5.2.1 Description of Sequences
Four cores were taken from Okupe Lagoon and one from a rock pool on the raised
wave-cut platform to the northwest of the lagoon (Fig 5.2). Cores OL97-3 and
OL97-5 were chosen for detailed analysis because they appeared to contain the
most complete sedimentary records. Core OL97-3 was taken from the western
edge of the lagoon and is 180 cm long. Core OL97-5 was collected from the far
eastern edge and is 195 cm long. Both sequences are about 5000 years old at the
base (Fig 5.3). Core OL97-2 was also analysed to provide insight into the history
of the raised wave-cut platform. Core logs and descriptions presented below are
summaries of full core logs presented in Appendix I.
The lower half of core OL97 -5 consists of grey sand with whole shells and
fragments of Austrove,Tus stutchburyi and occasional rounded greywacke pebbles.
At 134 cm depth there is the last occurrence of shell fragments and the size of
shells at this level is significantly smaller than those at the base of the core. At
| 13.5 cm there are several rounded greywacke pebbles and pieces of wood and
above this point the sediment has a much higher organic content. The interval






























































There are concentrations of organic material, wood and rounded greywacke
pebbles at several points. A deposit of large wood fragments in a matrix of muddy
sand occurs between 50 and 36 cm. From 36 cm to the surface the sequence
consists of organic mud. It is brown and heavily mottled between 36 and 20 cm
and grey with occasional small pieces of wood above this.
Core OL97-3 is generally finer grained than the sediment of OL97-5. Grey muddy
sand and sand-rich mud make up most of the sequence. Shell fragments occur
scattered and in layers from the base of the core up to 50 cm depth and layers of
organic material and wood occur throughout the core. Above 50 cm the organic
content of the sediment is higher giving it an olive-black colour. The most
distinctive sedimentary feature that can be correlated bet'ween cores is a 3-4 cm
thick layer of large pebbles and pieces of wood that occurs between 65-69 cm
depth in OL97-5 and between24-27 cm in OL97-3.In both cases pumice is found
immediately above the pebble and wood layer. The layer is dated at I 180-790
years BP in OL97-3 which is consistent with interpolation between dates either
side of the pebble layer in OL97-5. Other correlations are made on the basis of
diatom assemblages.
Broad estimates of sediment accumulation rates are calculated for cores OL97-5
and OL97-3 using available radiocarbon ages and are shown in Fig. 5.4. Rates are
low in the lower halves of both cores ranging between 0.2 and 0.5 mm/yr. In
OL97-5 the rate increases in the upper half of the sequence to between 0.5 and 2
mm/yr but in OL97-3 rates remain low throughout the sequence.
3000
Tine (cal. yrs BP)
Fig. 5.4. Sediment accumulation rate curves for cores OL97-5 and OL97-3 based
on calibrated radiocarbon age estimates. Maximum and minimum curves for each

















Core OL97-2 is a 170 cm long sequence taken from a rockpool on the raised
wave-cut platform to the northwest of Okupe Lagoon. It consists entirely of
brownish black peat. The initiation of peat deposition within the rockpool must
have occurred after isolation from the sea. Therefore the age of 2045-1738 years
BP from the base of this core provides a minimum age for the tirne of uplift of the
platform. This single date indicates a sediment accumulation rate for OL97-2 of
about 0.9 mm/yr.
5.2.2 Interpretation of Sequences
The sandy inorganic nature of the sediment in the lower halves of cores OL97-5
and OL97-3 is consistent with deposition in a high energy, wave-dominated
environment. Austrovenus stutchbaryi lives in the low-tide zone of estuaries and
enclosed bays and shell size decreases with the low salinities of inland parts of
such coastal waterbodies (Beu and Maxwell, 1990). The size of A. stutchburyi
shells at the base of these sequences suggests they were living towards the outer
part of a bay or estuary with fairly high salinities. The smaller shell size at 134 cm
depth in OL97-5 indicates the environment freshened in this interval. Low
sediment accumulation rates are consistent with the lack of accommodation space
in shallow marine environments under stable sea level.
The change to organic sedimentation higher up the sequences, incorporation of
wood fragments and lack of shell material are indicative of transformation from
an open marine site to a terresffial site isolated from the sea. Considering present
day morphology, this is likely to have occurred through closure of a barrier
around the core sites. Concentrated layers of wood fragments, rounded pebbles
and pieces of pumice in both cores represent influxes of material from the
catchment and barrier. Large wood fragments are likely to have been sourced
from the catchment whereas the pebbles, because of their roundness, are likely to
have come from the barrier. The large size of these inclusions indicates that
unusual depositional events were responsible for their incorporation into the
lagoonal sediments. Some macrofossil fragments and other inclusions were
removed from OL97-5 (Fig. 5.5) and these illustrate the evidence for isolation
from the sea and the coarse nature of influxes to the waterbody. The increase in
accumulation rate in the upper part of OL97-5 may be a result of the large influx
of wood near the top of the sequence rather than an increase in background
sedimentation rate. There is no similar layer in OL97-3 hence the lower
accumulation rate.
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Deoth and Environmental Transitions










Fig. 5.5. Sonre macrofossils and inclusions rE'moved from core OL97-5 illustrating the
change fiom a predominantly marine environrnent at thebase of the core to a terrestrial
one at the top. Most large pebbles and wood fragments occur in concentrated layers at




Diatom assemblages are described from core OL97-5 because of superior
preservation of diatom valves in this core. Samples were analysed at five
centimetre intervals and full counts, or at least over 200 valves, were achieved for
most samples. The lateral extent of assemblages was investigated by making low
counts from OL97-3 at ten centimetre intervals. Although diatoms are very poorly
preserved in OL97-3, the same assemblages are recognised so it is assumed that
they are of lagoon-wide extent. Diatom assemblages at Okupe Lagoon divide the
sedimentary sequence into five zones (section 5.3.2). Paleoenvironmental
interpretations of these zones (section 5.3.3) are made though classification of
species according to their published salinity and habitat preferences (Appendix
III). Quantitative reconstructions of past waterbody type and salinity are carried
out using the calibration set (Chapter Three) and are presented in sections 5.3.4
and 5.3.5. Full species counts are presented in Appendix VI.
5.3.2 Definition of Diatom Assemblage Zones
A total of 72 diatom taxa were identified in the sequence. Zones were defined
according to species composition, valve concentration, species richness and
preservation. Key species of each zone (Table 5. l) are those that are abundant in
the assemblage and / or unique to the zone. Zone A at the base of the sequence
has low concentrations of diatoms and many frusrules are broken indicating the
assemblage is not well preserved. There is a moderate diversity of species but the
zone is defined by five main species including a Fallacia species that does not fit
any taxa descriptions in reference floras consulted for this work. Zone B has low
concentrations of diatoms, many frustules are broken, and there is some evidence
of dissolution indicating poor preservation. The assemblage is dominated almost
entirely by Paralia sulcata. Zone C has low concentrations of diatoms with
moderate species richness. It is dominated by small.Fragilaria species and
Paralia sulcata but is differentiated from other zones by the presence of Navicula
contenta, Navicula mutica and Hantzschia amphiory.l. The assemblage of zone D
is characterised by moderate concentrations and species richness and the presence
of six key species. Zone E is missing from the top of core OL97-3 so it is defined
solely from OL97-5. Moderate-high concentrations of diatoms define zone E































































Ihalassiosira e cce ntri c a
Low Moderate Many valves
broken
Table 5.1. Definition of diatom assemblage zones for cores OL97-5 and OL97-3.
5.3.3 Interpretation of Diatom Assemblage Zones
Diatom species were grouped according to their salinity and habitat preferences to
enable inferences to be made about the depositional environment of each zone
(Fig. 5.6). Most species in zone A are brackish marine tychoplanktonic forms
indicating a shallow water rnarginal marine environment. The highest proportion
of open marine species occurs in this zone suggesting that transport to the
waterbody from the open sea was less restricted here than in all subsequent
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Fig. 5.6. Diatom assemblages of core OL97-5. A: Diatoms grouped according to saliniry
preferences. B: Habitat preferences. C: Concentration of diatom valves in the sediment.
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probably transported from adjacent fresh and brackish water environments. Low
concentrations of diatom valves in the sediment probably partially reflect
naturally low numbers of diatoms living in the original environment. Much lower
levels of primary productivity have been recorded for diatoms living on active
beach sands than for assemblages on silt and clay in more sheltered settings
(Mclntire and Moore, 1977). However poor preservation is likely to have affected
concentration values because many valves are broken. Preservation problems are
well documented for such active environments (Denys and de Wolf, 1999). Above
160 cm diatom concentration increases and there is a gradual decline in brackish
marine and marine species, and an increase in fresh brackish species. This
suggests the salinity of the environment decreased and the site became slightly
more sheltered from the sea.
The assemblage of zone B is dominated by Paralia sulcota, a brackish marine
tychoplanktonic species. There are two main reasons why this may be so. Paralia
sulcala is known to be more competitive than other species under conditions of
widely varying salinity, low light, and with substrates of fine-grained, organic-
rich sediment (Zong, 1997). Paralia sulcata is also often the only diatom
remaining in high intertidal sediments, its heavy silicification allowing it to
survive ffansport and dissolution that smaller, finer diatoms do not (Denys and de
Wolf, 1999). Therefore the assemblage is either autochthonous and represents a
fairly extreme environment unfavourable to most species, or the assemblage has
been damaged by transport and / or dissolution. The high number of broken valves
and evidence of dissolution favour the latter explanation. Although detailed
interpretation is inhibited, the past environment of zone B is likely to have been a
shallow marginal marine setting open to the sea.
In Zone C there are fairly equal proportions of brackish marine, brackish, fresh
indifferent and fresh diatoms suggesting it was a brackish water environment.
Brackish marine diatoms consist of low numbers of Paralia sulcata throughout
the zone and peaks of single species near the base of the zone. For example there
are peaks in the epipsammic diatom Opephora olsenii at 105 cm and a peak in
Gomphonema valentinica at 90 cm. These may be the result of sporadic marine
influxes into the waterbody. Species are predominantly tychoplanktonic and
epipelic in their habitat preferences and there are no planktonics so it was a
shallow environment. Aerophilic species consist of up to 40o/o of the assemblage
in the upper part of the zone suggesting that the waterbody may have been very
shallow to non-existent at times. The site being too dry or ephemeral to support a
productive diatom community at this time would explain the low concentrations
of diatoms observed in the zone. A marsh environment above high tide could
produce the mixture of saliniry preferences seen here along with aerophilic
species and low concentrations resulting from only occasional inundation by
water.
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The occurrence of species with a range of preferences from brackish marine to
fresh, including fairly high proportions of indifferent species, suggests that zone D
was a brackish environment. Higher concentrations of diatoms in comparison with
zone C and the lack of aerophilic species, indicate a perrnanently ponded, more
favourable waterbody such as a lagoon. The zone has a peak in the brackish
marine diatom Gomphonema valentinica at 55 cm depth and a large peak in
Paralia sulcata at 50 cm. This peak consists of one sample in which
predominantly whole valves of Paralia sulcata make up 80% of the assemblage.
This either represents a response to a short-lived change in conditions at the site,
i.e. a 'bloom' that has been preserved in the record, or an influx to the site from a
seaward source. In either case a short-term increase in marine conditions is
implied.
Assemblage composition of zone E is similar to that of zone D and to that of
present day assemblages confirming the existence of a brackish, permanently
closed lagoon. The reasonable proportions of brackish marine species indicate the
waterbody was quite saline but salinity appears to decline near the top of this zone
with an increase in fresh water species. The lack of planktonic species indicates
the environment was shallow but with permanent water to support the benthic
species. The concentration of diatoms is greater in this zone than that of zone D
implying that an environment more favourable to diatom habitation was
established by this time.
Nine samples were analysed from core OL97-2 to determine what environment
the sequence was deposited in. Samples contain very high concentrations of well
preserved diatoms. The sequence is dominated by the fresh tychoplanktonic
diatom Fragilaria elliptica. Most other species are fresh water forms with only
minor occurrences of brackish and brackish indifferent species. This confirms the
peat was deposited in a fresh water pool.
5.3.4 Reconstruction of Waterbody Type
As introduced in Chapter Four (section 4.3.4), diatom assemblages were
incorporated passively into a DCA of calibration set sites to provide a
reconstruction of waterbody type for the fossil samples (Fig. 5.7). Diatom samples
from OL97-5 conform to the coastal gradient defined by the calibration set
because they plot along axis one of the calibration set DCA in a similar manner to
the modern samples. Fossil samples plot in the lagoon and inlet fields with trvo
samples in the bay field (Fig. 5.7 A). Transitions between zones A, B and C
involve long distances along axis one (Fig. 5.7 B) indicating there are large
changes in waterbody type between zones. Transitions between zones C, D and E
are smaller because they all represent lagoonal environments and different lagoon






























































Fig. 5,7. DCA of calibration set sites with fossil samples from OL97-5 incorporated
passively. A: Di:stribution of modern sites and divisisn of axes into waterbody types.
Coloured dots show where fossil'samplos plot in relation to modem sites. B: Cenfal
seotion of A enlarged and showing fossil samples labelled aecording to depth












Assemblages at the base of OL97-5 plot in the inlet field and there is a
progression through zone A to samples that plot on the right side of the lagoon
field (Fig. 5.7 B). This trend along axis one suggests that connection with the sea
became more restricted during the time of zone A and an inlet progressed to a
predominantly open lagoon. The lagoonal environment at the top of zone A is
quite different from the lagoonal environments at the top of OL97-5 as indicated
by the large distance between them along axis two. Samples of zone B plot in the
inlet and bay fields but little emphasis is placed on reconstruction of zone B
because of the poor preservation of assemblages as discussed above. Samples in
the lower half of zone C (105, 100, 95, 90) plot in the centre right of the lagoon
field and samples in the upper part of this zone (85, 80, 75, 70, 65) plot centre left
and are well spread out along axis two. Dispersion of these zone C samples along
axis two is in the direction associated with wetland sites supporting the idea that
the environment was a brackish marsh. Zone D samples plot in the centre of the
lagoon field with the exception of sample 50 and 55. These two samples were
dominated by Paralia sulcata and Gomphonema valenlinicct respectively and are
substantially differentiated from other zone D samples on the DCA diagram
supporting the suggestion that they represent marine influxes to the site. Samples
from zone E plot in the central lagoonal field and the sample at the top of the core
plots, as would be expected, in the same position as the modem sample from the
core site (OA).
5.3.5 Application of Salinity Transfer Function
The DCA of modern sites and fossil samples from Okupe Lagoon (above)
illustrates that the calibration set successfully defines a spatial coastal gradient
that is of wider ecological amplitude but otherwise very similar to the temporal
gradient of OL97-5. This is exactly the situation desired for calibration of fossil
samples. Another indication that the calibration set is suited for reconstruction of
fossil samples from Okupe Lagoon is that 8l% of taxa in the fossil samples are
present in the calibration set. Most of the taxa not present have low abundances in
the core sequence. However it nrust be kept in mind that the calibration set is
small 
- 
50 modern samples are used to help reconstruct 39 fossil samples. lt is
also obvious that fossil assemblages in the lower half of OL97-5 have been altered
by transport and / or dissolution so they do not provide complete information
about the original depositional environment.
Weighted averaging calibration and the modern analogue technique, as introduced
in Chapters Three and Four, were carried out on samples from TS97-l and
TS98-2. There is a fair amount of variabilify between the three different salinity
reconstructions for Okupe Lagoon and the modem analogue technique indicates
that most samples in the lower half of the sequence have no close modern
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pick out the same main changes in salinity and these are consistent with
interpretations made from the diatom assemblages (above).
Salinities in the lower part of zone A average about 20 gl-r indicating sheltered
rather than open marine conditions. WA and MAT reconstructions suggest
salinity declines towards the top of zone A whereas the WAtol reconstruction
remains fairly constant. Zone B is sharply differentiated by higher salinities in all
reconstructions but this can only be attributed to the salinity preference of Paralia
.sulcata not to the salinity of the past environment. Salinities of zones C, D and E
are likely to have been fairly similar. Average estimates range from 4 g/l-r for WA
and WA-tol and 13 gl-r for the MAT reconstruction. WA and WA{ol pick out the
peak in Paralia sulcata at 50 cm as a high salinity peak. Only MAT estimates the
present day salinity accurately probably because modern samples from Okupe
Lagoon act as closest modem analogues for predicting salinity for the top few
samples in the core. Modern samples from Okupe Lagoon can be considered
outliers in the calibration set 
- 
because of such high salinities occurring in an
enclosed waterbody 
- 
which is possibly why WA and WA-tol underestimate
recent salinity.
It must be remembered that the reconstructed saliniqv value for any sample
represents position on the coastal gradient as well as an estimate of paleosalinity.
This is because of the numerous environmental variables that are correlated with
salinity along such a gradient and the effects of which on diatom assenrblages are
hard to separate. Looking at the reconstructions in this light, and discounting the
high salinities of the Paralia zone between 134 and 107.5 cm, WA and WA-tol
show an overall trend of movement in a landward direction along the gradient
with decreasing depth. MAT shows less of an overall hend which is likely to be a
result of the lack of close analogues for the lower part of the sequence.
5.4 PALEOENVIRONMENTAL RECONSTRUCTION
Diatom assemblages of cores OL97-5 and OL97-3 at Okupe Lagoon define five
zones. These assemblages as well as sedimentological and macrofossil
characteristics are interpreted to determine the nature of past depositional
environment at Okupe Lagoon (Table 5.2). Foraminiferal assemblages (Goff
et a|.,2000) also provide useful information. Five main paleoenvironments are
inferred to have existed at the site over the last 5000 years (Fig. 5.9).
The environment at the core sites about 5000 years BP was a marine inlet
(Fig. 5.9). Coarse-grained, inorganic sediment and numerous shell fragments are
indicative of a high energy regime. The presence of large .Austrovenus stutchbutyi
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Fig. 5.9. Reconstruc i.on of paleoenvironments that have
existed at the Okupe Lagoon cite over tha last 5000 years.
134
elevation. At the OL97-3 core site the environment remained constant throughout
zone A but in OL97-5 some change is inferred. Increasing diatom valve
concentration and decreasing proportions of brackish marine species indicate the
environment freshened through time with estimates of 20 g/l-' salinity at the base
of zone A to about 14 gll-t at the top. This is supported by a decrease in size of
A. stutchburyi shells and a change from low tide foraminiferal assemblages to low
intertidal assemblages at about 160 cm depth (Goff e/ a1.,2000\. Comparison with
modem samples in a DCA suggests the environment at the top of zone A in
OL97-5 was a predominantly open lagoon. As there is no evidence of a large-
scale change in waterbody type within zone A, this is interpreted to mean that the
inlet had become shallower and less saline by this time, i.e. deposition was
occurring in the intertidal rather than low tide zone.
The sheltered nature of the environment inherent in an inlet as opposed to open
coast suggests the boulder bank at the northeastern end of Kapiti Island was
present by 5000 years BP. The difference between core sequences can be
expfained by their positions relative to this barrier (Fig. 5.9). OL97-5 is situated
immediately behind the barrier and so is likely to have been in a more sheltered
environment relative to OL97-3. Sediment accumulation probably occurred to a
greater extent in the lee of the barrier causing the inlet to shallow to intertidal
elevations at OL97-5 and not atOL97-3.
The environment of zone B was open to the sea because of the inorganic nature of
the sediment and occurrence of A. stutchburyi fragments. However it was more
protected from the sea than zone A, as indicated by the finer grainsize and
smaller, fewer shell fragments. Again there is a difference between OL97-5 and
OL97-3 with shells of A. stutchbuntiand intertidal foraminifera only occurring in
a thin layer at the very base of zone B in OL97-5. The small size of shells
suggests it was a last attempt by these organisms to live in an unfavourable
environment. ln OL97-3 shell fragments occur throughout zone B suggesting it
was still at a lower tidal elevation than OL97 -5. Poor preservation of diatoms in
both core sequences suggests that diatom assemblages ofzone B have been
damaged by transport and / or dissolution . Paralia sulcata and the occasional
marine planktonic diatoms that occur in the zone are either the last remains of the
original assemblage or they have been transported to the site and no information
about the original assemblage is available. Dominance of an assemblage by
Paralia sulcata is known to be a common occurrence in high intertidal coastal
environments (Denys and de Woll 1999) and because such a setting is consistent
with the sedimentological evidence of zone B, it is a reasonable
paleoenvironmental estimate to make in this case. A predominantly open lagoon
at high intertidal (OL97-3) to high tide level (OL97-5) is infened for the
environment of zone B.
135
The initiation of organic sedimentation at the base of zone C as well as the
complete lack of shells and incorporation of wood fragments into the sequence
suggests the environment was predominantly isolated from the sea. Foraminifera
present near the base of zone C in OL97-5 are indicative of sheltered waters of
lowered salinity above mean high water (Goff er a\.,2000). Diatom assemblages
indicate the environment was brackish and may have had sporadic influxes of salt
water especially during the lower part of the zone. Salinities predicted for the
zone range between 4 and l3 g/l-r. High occurrences of aerophilic diatoms in the
upper part of the zone imply that the environment was subject to extended periods
of dry or moist soil conditions. The site is inferred to have been a coastal wetland
above high tide level.
Zone D and E represent permanently closed lagoonal environments. Sediment is
organic in both cores with organic material and wood fragments scattered
throughout the zones. Sediment of zone D is coarser-grained than zone E and has
much higher concentrations of wood fragments. Foraminifera and diatom
assemblages are similar to those living in the lagoon today. Therefore the
waterbody can be inferred to have been a shallow lagoon that, despite its high
salinities, was completely isolated from the sea. The higher concentrations of
diatoms in zone E are possibly a result of increased nutrient input into the
waterbody as a result of the influxes from the catchment that occurred at this time
(infened from the sedimentologv).
5.5 ENVIRONMENTAL TRANSITIONS
5.5 . I Introduction
The history represented by the five different paleoenvironments that have existed
at Okupe Lagoon over the last 5000 years is one of isolation from the sea. The
four main transitions between different paleoenvironments are investigated for
information they may provide about causes of change in environment. Criteria
used to differentiate coseismic from aseismic change in depositional environment
include the suddenness of the change, amount of change, lateral extent of
horizons, synchroneity of change, and coincidence with tsunami deposits
fNelson et al., 1996b).
There is impressive evidence at the site today of large scale movement and
deposition of sediment in the form of two boulder and cobble beach ridges that
protrude from Kapiti Island for distance of almost one kilometre. These surround
the lagoon to the northeast and beach sediments have built up in the south causing
the lagoon to be entirely surrounded by sediment (Fig. 5.1). There is equally
impressive evidence at the site for occurrence of one or more coseismic uplift
events during the Holocene. A landward boulder beach ridge, now out of reach of
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storrn waves, is an average 8.06 m above mean sea level and an average 3.5 m
above its modern equivalent (Goff el a1.,2000). There is an associated raised
wave-cut platform to the west on which rock pools, stacks and wave-cut notches
are all well isolated from the sea (Fig. 5.10). These features indicate a relative sea
level lowering of 3-4 m. Considering that a sea level curve for the New Zealand
region shows only decimetre-scale fluctuations over the last 6500 years (Gibb,
1986), sediment transport and coseismic movement are likely to have been the
major factors causing environmental change at Okupe Lagoon.
5.5.2 Description of Transitions
Transition A-B (Fig. 5.1l) consists of a sharp contact from sand to muddy sand in
OL97-5 (134 cm depth) and from sand-rich mud to sand-poor mud in OL97-3
(120 cm depth). Immediately above this contact in OL97-5 is a thin layer
containing the last occuffence of intertidal shells and foraminifera. The change in
diatom assemblage takes place between adjacent samples in both cores suggesting
that the transition occurred suddenly. There is a large magnitude change in
depositional environment from the low intertidal zone of an inlet to what is
inferred to be a predominantly open lagoon at high intertidal / high tide level.
Continued sediment accumulation and barrier growth could have caused a relative
sea level lowering at the site but this transition does not represent a continuous
progression from low intertidal to intertidal to high intertidal as would be
expected with gradual accumulation. The suddenness and environmental
discontinuity observed at this horizon suggest the process was accelerated by a
single event such as a large storm or coseismic uplift at this time. The
environmental discontinuity (low tide to high tide) could represent an actual
change or an apparent change resulting from erosion of sediment. In either case a
mechanism is required by which a higher elevation environment became
permanently established after the event.
At transition B-C (Fig. 5.1l) there is a layer of pebbles and wood in OL97-5
( I l3.5 cm depth) and a layer of large shell fragments in OL97 -3 (50 cm depth).
Organic sedimentation begins from this point on in both cores. The change occurs
suddenly in the diatom record with no indication of freshening or shallowing
within zone B. There is a large change in paleoenvironment from what was a
predominantly open lagoon to an isolated brackish marsh environment. This
involved a change in relative sea level from about high tide level to above high
tide level. The presence of wood. pebbles and shells at the transition horizons
suggest that some type of depositional event occurred at this time. The wood and
pebbles in core OL97-5 were probably derived from the catchment and barrier and
could have been deposited as the result of a storm event. Large shell fragments in
core OL97-3 are the last occurrence of shells in this core and because they are all
fragmented it is likely they were transported from a seaward source rather than
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Fig. 5.10. Raised wave-cut platform northwest of Okupe Lagoon. A: Large rock pool
between rock stacks with platform in background. B: Large stack with sea cave and



































































having lived at the site. This could also be achieved by a large storm event. The
cause of isolation of the waterbody from the sea at transition B-C is most likely
due to the final closing of the barrier around the core sites. Continued sediment
transport and deposition could have led to such a closure with a storm event
acting as the final trigger. However evidence for substantial shallowing of the
waterbody occurring concurrently with isolation adds strength to the possibility
that coseismic uplift was the final trigger for barrier closure. ln this case seismic
shaking and tsunami inundation would explain the influx of material at transition
horizons.
At transition C-D there is a distinct 3-4 cm thick layer of large rounded pebbles
and wood fragments in both cores with pieces of pumice immediately above each
layer (62.5 cm depth in OL97-5, 24 cm in OL97-3). The transition involves a
paleoenvironmental change from a marsh to a lagoonal environment with
permanent open water. A large storm event causing movement of material off the
boulder bank and out of the catchment could explain the deposition of a lagoon-
wide pebble and wood layer. However, this explanation does not provide a
mechanism for creation of a permanent waterbody. Another possible explanation
is that coseismic subsidence, or compaction of sediments through liquefaction, led
to lowering of the site below the water table enabling permanent open water to
exist. Disturbance of the catchment and barrier by seismic shaking could have led
to release of material into the waterbody.
A sharp transition from organic muddy sand to organic mud occurs at the
boundary between zone D and E at 36 cm depth in OL97-5. This is a permanent
grainsize change implying a long term change to water depth or sediment supply.
The transition is immediately preceded by a l4 cm thick concentration of large
wood fragments in the core, and accompanied by a ten-fold increase in diatom
concenffation. At the base of the wood layer at 50 cm there is a large peak in the
brackish marine diatom Paralia sulcata. There was obviously some disturbance of
the catchment at this time causing a large influx of wood into the lagoon.
This could also bring about a renewed source of nutrients causing diatoms to
flourish. These two features could be explained by flooding, landsliding, or even
early land clearance as human habitation of Kapiti Island began almost 1000 years
ago (Maclean, 1999). However the peak in Paralia sulcata is most simply
explained by transport to the waterbody from a seaward source and none of the
above events explain such an influx to the lagoon. A coseismic cause for the
transition is a possibility because the shaking, movement of base level, and
tsunami inundation associated with an earthquake could explain all these features.
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5.5.3 Change in Elevation
Paleoenvironmental reconstruction of the core sequences provides a broad
indication of tidal elevation of the past environments (Fig. 5.12). The lowest two
foraminifera samples in OL97-5 suggest the environment may have been just
below low tide level (Goff et a1.,2000). Otherwise diatoms, foraminifera and
macrofossils are consistent with deposition in the low intertidal zone for sediment
at the base of the cores (zone A). Deposition in the high intertidal to high tide
zone is inferred for the central parts of the cores (zone B) and above this
sedimentation was supratidal (zones C, D, E). Changes in relative sea level are
inferred across transitions A-B and B-C, and water depth changes are inferred
across transitions C-D and D-E. However there are problems estimating the
amount of change in elevation across individual transitions because of the lack of
good sea level index points and the lack of ecological preference information
regarding water depth for diatoms.
A minimum estimate for net vertical movement at the site can be obtained by
assuming that mean tide level was in the vicinity of the A-B transition (Fig. 5.12).
When the cores are placed relative to present mean sea level (similar in elevation
to mean tide level) it can be seen that they indicate a change in elevation of
between 60 and 70 cm over the last 5000 years. This estimate, derived from
sediments preserved at the site today, represents net uplift and it is possible that
subsidence also occurred at the site. For example transition C-D described above
is more consistent with coseismic subsidence than uplift. It can also be expected
that a catastrophic event causing an environmental transition in the intertidal zone
would result in some erosion of sediment. Erosion of sediment at the A-B
transition is a likelihood because transport of material is implied by the Paralia
sulcata dominated assemblage of zone B. Erosion of sediment from the waterbody
would result in shortening of the sediment column and thereby an underestimation
of amount of uplift. Differential subsidence due to liquefaction and associated
compaction of soft sediments would also result in shortening so both these factors
may explain the difference between net uplift observed in the cores and the
amount of uplift inferred from the height difference of the modern and raised












Fig. 5.12. hoferred tidal elevationforunits iuthe sedimentar..............y sequences atOkupe
Lagoon and theirpositioa relative to present meaxr se.a lovel If the A-B nansitiou is
taken to be in the vicinity of mean tide level, estimales of net vertical movement of
68 crn and62 cm are obtained. However transition A-B is unlikely to be a good sea
level indisator (see te*;.
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5.5.4 Age of Transitions
Transition A-B is radiocarbon dated at3562-2852 cal. years BP by shell material
immediately above the transition horizon inOL97-5. An estimate of the age in
OL97-3 is calculated using maximum and minimum sediment accumulation rates
(calculated using the two sigma range) for the interval between the two dates
closest to the A-B transition. The estimated age of 3600-3100 cal. years BP
(rounded to hundreds enclosing the greatest range) is consistent with that in
OL97-5. The B-C transition is not directly dated in either core so an estimate is
calculated from OL97-5 because, unlike core OL97-3, there are dates within zone
B and C. Transition B-C is inferred to have occurred between 2400 and 2100
cal. years BP. Transition C-D is dated directly from wood material in OL97-3 at
I180-790 cal. years BP and is estimated from OL97-5 to be 1000-800 cal. years
BP. Transition D-E is dated at7l6-306 cal. years BP from wood near the top of
the wood layer associated with this transition. The consistency of age estimates
between cores indicates transitions are likely to have occurred synchronously
across the waterbody but the resolution of radiocarbon dating is not great enough
to prove this.
The age of peat at the base of the large rockpool on the raised interlidal platform
immediately north of Okupe Lagoon is2044-1738 cal. years BP. lsolation from
the sea of the rock platform and associated boulder beach ridge must have
occurred prior to this date to enable fresh water peat to start accumulating.
Theretbre it is likely that coseismic uplift inferred at either or both of transitions
A-B and B-C was responsible for uplift of the inner beach ridge and platform.
5.7 CONCLUSIONS
Sedimentology and diatom analysis of two 
-200 cm sedimentary sequences from
Okupe Lagoon on Kapiti Island enable past environment to be reconstructed for
the late Holocene. Nine radiocarbon dated samples provide a chronology for the
sequences. Diatom assemblages are interpreted using traditional salinity and
habitat preferences and also through comparison and calibration with a modem
coastal diatom calibration set. The combination of grain size, macrofossil and
diatom data, has enabled detailed reconstructions of waterbody type, salinity and
energy regime to be established.
Paleoenvironmental reconstructions indicate that five different depositional
environments have existed at the site over the last 5000 years. These
environments include a sheltered inlet, a predominantly open lagoon, a marsh and
a pennanently closed lagoon indicating that relative sea level lowering and
isolation from the sea occurred over this time period. This isolation was not
continuous but was punctuated by large and sudden changes in environment. Four
main environmental transitions that are laterallv extensive and svnchronous across
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the waterbodyn are recognis.ed inthe sedimentary sequences of Okupe Lagoon.
Transitions A-B and B{ at absut3200and 2300 cal. years BF respe.ctively,
involve relative movemcnts ofbase level resulting in large magnitude changes to
depositionaL envirsnrnent. Transitions C-D and D-E occurred at abo.ut 1000 and
500 cal. year.s BP respectively, The-se involve smaller magnitude changes but they
are accompanied by widence f,qr eatchment dislurbance, and in the c-aso of
trimsition D-E, evidenee for nrarine ihundation. Transitions are consistent with the
occurrence of past large earthquakes and a minimum of 50'70 cm of uplift is
inferred ftom the sedimentary sequences. The likelihood that coseismic events
were the cause of environmental tansitions at Okupe I-agoou is cousidered









Fig. 6.1. Oblique aerial view of Lake Kohangapiripiri looking east with Lake
Kohangatera in the background. Photo by Lloyd Homer.
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SU MMARY
Lake Kohangapiripiri is a small lagoon that is completely isolated from the sea by
a gravel barrier. The barrier consists of a large volume of sediment and several
raised beach ridges indicating that sediment transport along the coast and
coseismic uplift events are likely to have had an impact on the Holocene history
of Lake Kohangapiripiri. A sedimentary sequence recovered from the seaward
end of the lagoon is conspicuously uniform apart from the occurrence of several
very coarse grained layers that represent high energy influxes into the waterbody.
Diatom analysis indicates that four different depositional environments have
existed at the site over the last 7500 years. A predominantly closed lagoon is
represented at the base ofthe sequence between about 7500 and 6800 cal. years
BP. A permanently closed lagoon existed from this point on but went through a
deep phase between about 5200 and 2200 cal. years BP, and through a shallow
phase from 2200 cal. years BP to the present. Lagoon-wide shallowing in the very
recent past is inferred from the upper two samples in the sequence. Three main
transitions between infened paleoenvironments and two minor transitions are
recognised in the sequence and described in this chapter. The nature of these
transitions is consistent with the occurrence of past large earthquakes.
6.I INTRODUCTION
Lake Kohangapiripiri (Fig. 6.1) is one of two fieshwater lagoons on Wellington's
south coast immediately east of Wellington Harbour entrance (Fig. 6.2). The
lagoon is situated on a block of Triassic sedimentary basement rock that is
bounded by the Wellington Fault in the west and the Wairarapa Fault in the east.
Net vertical tectonic movement over the last 125,000 years has been uplift
because Last Interglacial marine benches occur at heights of about 30- 120 m in
Fitzroy Bay (Begg and Mazengarb, 1996). However it is possible that subsidence
has also occurred at the site. The lagoon surface is only two metres above mean
sea level (amsl) but is completely isolated from the sea by a barrier consisting of
two raised gravel storm beach ridges. Cameron Creek drains a 343 ha catchment
of scrub and pasture and runs into the northern end of the lake. At the southem
end there is an outlet channel that has breached the highest raised beach but drains
into the back of a younger storm beach where it must seep through the gravel at
times of high lake level. The lagoon itself is small (l I ha) and has an average
depth of 1.6 m. Wetlands surrounding the lagoon and in Cameron Valley are
significant because of the occurrence of regionally endangered plants and some
uncommon birds (Clelland, 1984).
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Fig. 6.2. Map of Lake Kohangapiripiri.A: Location in theWellington region.
B: Site map showing core positions. Unlabelled core at Northeastern end of Lake
is that of Cochran et al. (1999).
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Cotton (l92la) described the lakes as drowned valleys. Wave-cut cliffs and
truncated spurs are evidence that the valleys were once inlets of the sea and the
initial submergence of the valleys is ascribed to the same tilting that formed
Wellington Harbour. Cotton (l92lb) used the development of the lake margins
and delta growth as evidence for stability of the land for thousands of years prior
to the I 855 earthquake. Adkin ( 1955) surveyed the beach ridges in front of Lake
Kohangapiripiri and as a result of finding more than one raised beach ridge,
concluded that the 1855 earthquake was not an isolated event. Stevens (1973) also
indicates that the gravel barrier was formed by more than one uplift event.
Cochran et al. (1999) carried out a paleoenvironmental study of Lake
Kohangapiripiri and determined that the lake has been fresh water for at least
7000 years. Although a number of environmental changes were interpreted from
the lake record, the stability of the environment was the most interesting result.
Information presented in this Chapter is an extension of the previous work, with
the investigation of a core retrieved from an open water, seaward position as
opposed to a landward wetland site as studied previously.
6,2 SEDIMENTARY SEQUENCE
6.2.1 Description of Sequence
Cores KP99-l and KP99-2 were collected from the seaward end of Lake
Kohangapiripiri off the eastern shore about 150 metres from the barrier (Fig. 6.2).
KP99-l is a piston cored section that penetrated down to 350 cm and KP99-2 was
taken with a Russian-type corer down to 650 crn depth. These cores were taken
less than 50 cm apart so are considered to represent the same sedimentary
sequence and are used as a composite core (KP99-l&2). The age nearthe base is
about 7500 cal. years BP and the elevation of the lake floor at the core site is
1.75 m. Full core logs are presented in Appendix I.
The sequence consists predominantly of unifonn grey organic mud (Fig. 6.3).
Throughout this mud there are occasional mottles of organic material, wood
fragments and specks of vivianite. In the lowest 40 cm of core angular, weathered,
greywacke clasts are scanered throughout the lake mud and there is a thin layer of
similar clasts between 592 and 589 cm depth. Immediately above this there is a
layer of angular, poorly sorted sand and small angular pebbles with specks of
vivianite between 585 and 577 cm. Similar sand layers exist between 505 and
500 cm depth and between 434 and 429 cm. Within the latter sand layer are two
distinct bands of wood tiagments and for I I cm above the sand the sediment is






















From 60 cm to the surface there is a gradational increase in organic content and a
colour change from yellowish grey to reddy brown. Near the top of the sequence
at 38 cm there is a sharp texture change to increased sand content in the mud
above.
Sediment accumulation rates estimated using the three available radiocarbon ages
(Fig. 6.4) indicate that most of the sequence was deposited at rates of about
I mm/yr. A lower rate of about 0.3 mm/yr is calculated for the upper 50 cm of the
sequence. A similar decrease in accumulation rate is noted for the upper 140 cm
of the wetland core from Lake Kohangapiripiri (Cochran et al., 1999). This
slowing of sediment accumulation may be an apparent change resulting from loss
of sediment in the upper sections of cores or older radiocarbon ages towards the
present. However as the decrease is observed at both ends of the lake it may have
been an actual occurrence resulting from the lake-wide shallowing and wetland
formation infened from the diatom record (see below).
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Fig. 6.4. Sediment accumulation rate curves for KP99- I &2 based on calibrated
radiocarbon age estimates. Maximum and minimum curves are calculated from




6.2.2 Interpretation of Sequence
Most of the sequence is consistent with deposition in a small enclosed lagoon as
exists at the site today. However some type of catchment disturbance or high-
energy influx is required to explain the incorporation of layers of gravel, sand and
wood into the sequence. The angular, poorly sorted, weathered greywacke gravel
at the base of the core and in the layer at 592-589 cm depth appears to be sourced
from nearby hillsides and is likely to have entered the waterbody as a result of
small landslides. Layers of sand at 
-580 cm, -500 cm and 430 cm depth are also
angular, poorly sorted greywacke grains that could be consistent with the fine toe
of a landslide off a nearby hillside. Although sand grains in the layer at 430 cm
depth are betterrounded than grains in other layers, none of the sand deposits
appear well-sorted or rounded enough to be sourced fiom the beach. Coarse-
grained layers are not considered to be flood deposits because ofthe distance of
the fresh water inflow from the core site and the lack of similar deposits in cores
from the mouth of Cameron Creek (Cochran et al., 1999). The increase in grain
size at the very top of the sequence is likely to be the result of shallowing and
higher energy associated with the littoral zone of the lake.
6.3 DIATOM ANALYSIS
6.3.1 [ntroduction
Diatom samples were analysed at 20 crn intervals throughout most of the core and
at l0 and 5 cm intervals at the base and top of the core where most changes take
place. At least 400 diatom valves were counted in most samples but in some low
concentration samples at the base of the sequence only 100 valves were counted.
About 130 species were encountered in the sequence (full species counts are
presented in Appendix VI). Diatoms are well preserved throughout the sequence.
The sequence at Lake Kohangapiripiri is divided into four main zones based on
diatom assemblages (Table 6.1). Very similar assemblages were recognised in a
core from the wetland at the landward end of the lake (Cochran, et al., 1999\
indicating that zones and the changes they represent are of lagoon-wide extent.
6.3.2 Definition of Diatom Assemblage Zones
Zone A at the base of the sequence has a moderate concentration of valves and
moderate species richness. It is defined by the presence of Pseudopodosira sp. I
and2, Actinocyclus octonarius, Chaetoceros spores, H),olodiscus pustulatus and
Campylodiscus echeners. These species occur in small proportions but are unique
to this zone. Zone B has moderate to high concenffations of valves and moderate
species richness. It is defined by five key species . Zone C makes up most of the
sequence of I(P99-l&2. Concentration is high and species richness is low because
the zone is dominated by a few key species. It is defined by high proportions of
Cyc I ostephanos dubius, Aul acose ira granulata and Cyc I otella stel ligera.
l5l
Zone D at the top of the sequence has high concentrations and moderate to high
species richness. It is defined by six key species and much lower proportions of
the zone C species that dominate much of the sequence.
Table 6.1 Definition of diatom assemblage zones for core KP99-l&2.
6.3.3 Interpretation of Diatom Assemblage Zones
Diatom species are grouped according to their salinity and habitat preferences to
aid description of the paleoenvironment of each zone (Fig. 6.5\. Zone A has high
proportions of fresh indifferent and fresh water planktonic and tychoplanktonic
species. It is likely to have been a predominantly fresh water, shallow waterbody.
However the presence of marine and brackish diatoms indicates there was some
connection with the sea that enabled transport of marine diatoms into the
waterbody. The 'unknown' category includes a fair proportion of Pseudopodosira
species in this zone, these probably have brackish salinity preferences but because
they have not been identified to species level they are not placed in a salinity
category. The moderate proportions of these taxa as well as other brackish species
suggest the connection with the sea led to raised salinity levels in the waterbody.
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Fig. 6.5. Diatom assemblages of core KP99-l&2. A: Diatoms grouped according to salinity
preferences. B: Habitat preferences. C: Concentration of diatom valves in the sediment.
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However most of the assemblage indicates only a slightly brackish waterbody, so
the connection was probably indirect or episodic.
The assemblage of zone B is dominated by fresh and fresh indifferent species of
planktonic and tychoplanktonic habitats and so is consistent with a fresh water,
moderate depth waterbody. Marine and brackish marine species occur in very
minor proportions in the lower part of the zone and are non-existent in the upper
part of the zone and brackish species are down to proportions typical of the
remainder of the sequence. These factors suggest salinity was lower than that of
zone A and the connection with the sea was no longer present. The small numbers
of marine diatoms at the base of the zone were probably blown into the waterbody
or washed over the barrier during storms.
Zone C is dominated by planktonic species with preferences for fresh or fresh
brackish water. This domination by planktonic species indicates the waterbody
was comparatively deep during this time with little opportunity for benthic species
to grow at the site. There is also a fair proportion of fresh indifferent
tychoplanktonic species. These were probably transported from shallower habitats
and suggest the lake was turbulent and well mixed as it is at present.
lncreased proportions of tychoplanktonic and benthic species in zone D and a
corresponding decrease of planktonics indicate the environment was shallower
than that of zone C. The slight increase in brackish species may represent a
response to shallowing rather than an increase in salinity because the planktonic
species of zone C would have inhabited the freshest surface waters of the lake
whereas benthic species could be exposed to slightly more saline waters near the
sediment surface. The upper two samples in this zone appear to represent a further
shallowing with planktonics decreasing to less than 5% and benthics increasing.
Salt intolerant and aerophilic species, typical of marginal wetland sites, also
increase in these two samples.
6.3.4 Reconstruction of Waterbody Type
Diatom counts from KP99-l &2 were included passively into a detrended
correspot'tdence analysis (DCA) of calibration set samples (described in Chapter
Three) to assist with reconstruction of waterbody type (introduced in Chapter
Four) for the core samples. Samples from KP99-l&2 plot at the landward end of
the gradient defined by modern samples with most samples either at the left side
of the lagoon field or in the lake field (Fig. 6.6 A). Despite their occurrence at one
end of the gradient, samples from KP99-I&2 are conformable with calibration set
samples because they follow the pattern identified for calibration set samples at
the terrestrial end of the gradient. Lake samples move toward low values on axis
two and wetland samples plot at high values on axis two which enables

























Fig. 6.6. Detrended aorespondence analysis of calibration set sites with fossil samples
frorn Lake Kohangapiripiri inco,rporated psssi\rely. A: Distribution of modern sites and
division of axes into waterbody types. Coloured dots show where fossil $amples plot in
relation to modern sites. B: Left side of A enlarged to sho,w samples from KF99-l&2
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Diatom assemblage zones are fairly well separated by the DCA except for zone A
samples that are spread throughout the lagoon and lake fields. This lack of
consistency between samples within zone A is probably a result of allochthonous
taxa, transported by landslides that occurred at this time, being incorporated into
assemblages. For example in the inferred landslide deposit at 590 cm depth a
farge peak in Cocconeis placentula differentiates the assemblage at this horizon
from the rest of zone A. Zone B samples plot in the lake field which confirms the
fresh water nature of the waterbody at this time and suggests there was a depth of
water greater than the very shallow depths typical of many of the calibration set
lagoon sites. Samples of zone C also plot predominantly in the lake field and
show a progression toward the left side of the lagoon field. This progression is
likely to represent the gradual shallowing that occurs through the zone. Zone C
samples are dominated by planktonic species very few of which were encountered
in the calibration set so some of the scatter of zone C.samples is attributed to lack
of modern analogues. ZoneD samples plot in at the left side of the lagoon field
reflecting the shallowness and slight brackishness of the waterbody at this time.
The upper two samples (0 and l0 cm) plot in the wetland and upper lake fields
respectively confirming the freshening and shallowing observed for these
samples.
Distances between zones are moderate indicating the magnitude of environmental
change between zones was also moderate. The measurement of distance between
zones A and B is hampered by the large spread of samples in zone A. The
relatively large distance between the upper two samples of zone D and the
remaining samples support the idea that a fairly large-scale change occurred at
this time. Although the diatom assemblages of zone B and C are most similar to
the coastal lake assemblages of modern samples, the corresponding waterbodies
are referred to as permanently closed lagoons because of their proximity to the sea
(a few hundred metres rather than the 
-l km defined for coastal lakes in Chapter
Three). The tbct that they plot in the lake field highlights their relative depth and
freshness in comparison with the permanently closed lagoon of zone D.
6.3.5 Application of Salinity Transfer Function
Weighted averaging calibration and the modern analogue technique were used to
reconstruct salinity of diatom assemblages from KP99-l&2 (as introduced in
Chapters Three and Four). The DCA (Fig. 6.6) shows that the calibration set is
adequate for reconstruction of samples from KP99-l&2 because core samples plot
within the gradient defined by the calibration set samples. However there are few
calibration set samples landward of the most landward core samples and there are
also few calibration set samples in the transitional field between lakes and
lagoons. Both these factors are likely to introduce problems for reconstruction of
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of Lake Kohangapiripiri are well represented in the calibration set with 84Yo of
species present.
The three models used for reconsffuction, simple weighted averaging (WA),
weighted averaging with tolerance downweighting (WA-tol) and the modern
analogue technique (MAT) provide similar salinity reconstructions for KP99-1&2
(Fig. 6.7). Salinity values average l-2 gl-r in zone A with the high amount of
variability probably a result of influxes to the waterbody as described above.
Samples in zone B have the lowest salinity values of the sequence at around 0.5
gl-1. In zone C there are anomalously high values for several samples but these are
probably overestimated as a result of the lack of close modem analogues and the
remainder of the interval is reconstructed at about 0.9 gl-r. ZoneD is slightly
lrigher than zone C at 1.0 gl-' and appears to freshen to present day values (0,2-0.3
gl'l; in the top two samples.
Salinity values do not change by a great amount across diatom assemblage zone
boundaries because zones are defined to a greater extent by habitat preferences of
species than by salinity preferences. However there is a decline in salinity at the
A-B transition from fresh brackish to fresh water supporting the idea that influxes
from the sea could not occur as easily during the interval of zone B. The upper
three zones are all fiesh water so little movement along the coastal gradient is
inferred for the sequence at Lake Kohangapiripiri. This supports the conclusion
that the trend apparent in the DCA of Lake Kohangapiripiri samples (Fig. 6.6) is
predominantly reflecting water depth change rather than large changes in salinity.
6.4 PALEOENVIRONMENTAL RECONSTRUCTION
Sedimentology and diatom assemblages of KP99-l&2 provide evidence with
which to infer the nature of past environments of deposition at Lake
Kohangapiripiri (Table 6.2). These depositional environments represent two
different waterbody types but differences in water depth enable division of the
sequence into four main paleoenvironments that have existed at the site over the
last 7500 years (Fig. 6.8).
Between 
-7500 and -6800 cal. years BP a waterbody existed on the coast at this
site but there is only a small thickness of zone A at the base of the sequence and
for much of this section there is gravel dispersed throughout the mud, together
with layers of gravel and sand, indicating that normal sedimentation was
intemrpted by landslides. The presence of small proportions of marine and
brackish marine diatoms and the fresh brackish salinity values suggest the
waterbody had an indirect or episodic connection with the sea. Therefore it is
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only breached during high tides or when high water levels existed in the lagoon.
The paleoenvironment is inferred to have been a predominantly closed lagoon of
moderate to shallow water depths.
Sedimentation of zone B was more stable with only one coarse-grained layer
deposited. The waterbody was almost completely isolated from the sea with
reconstructed salinity values being in the fresh water range and marine diatoms
only occasionally transported into the system. This implies the barrier had
enlarged by the time of zone B. A permanently closed lagoon of moderate water
depth is inferred to have existed at the site. The landslide deposit within zone B at
500 cm depth coincides with the disappearance of marine and brackish marine
diatoms from the record. This may indicate the occurrence of an event involving
an increase in barrier height and landsliding in the catchment but because of the
small proportions of diatoms involved in this observation, higher resolution
counting would be required to confirm the occurrence of a significant change at
this point.
A deep period in the lagoon's history is inferred from the high proportions of
planktonic species throughout zone C. The water was fresh throughout this time
indicating that despite a relative rise in water table level the waterbody remained
completely isolated from the sea. Gradual shallowing within this deep water
interval is inferred from the small increase in tychoplanktonic species relative to
planktonic species towards the top of zone C. Diatom assemblages have affinities
with modern assemblages from coastal lakes but because of the proximity to the
open sea of the waterbodies of both zones B and C they are refened to as
permanently closed lagoons.
ln zone D there are high proportions of tychoplanktonic species and an increase in
benthic species. The assemblages indicate that zone D was a shallower
environment than that of zone C. Coarsening of sediment at the top of the zone is
consistent with the higher energy regime of a shallower site. The upper two
samples of zone D suggest that a further shallorving and freshening of the
waterbody took place in the very recent past. The existence of salt intolerant and
aerophilic species in these samples suggests wetland conditions initiated close to
the site as occurs in littoral positions around the waterbody today.
6.5 ENVIRONMENTAL TRANSITIONS
6.5.I Introduction
The sedimentary sequence at Lake Kohangapiripiri occupies the most landward
position on the coastal gradient of all the Holocene sites investigated in this thesis.
Isolation from the sea is an important change at the base of the sequence but only
the final stage of isolation is preserved. What is more notable about the sequence
l6l
is the length of time it has been isolated from marine influence despite its low
elevation and close proximity to the open sea. Instead of relative changes in sea
level, the recent Holocene history of Lake Kohangapiripiri has been dominated by
relative movement of water table level and influxes to the waterbodv from the
catchment.
Paleoenvironmental reconstruction of the waterbody indicates that a barrier has
existed across the mouth of the valley for the last 7500 years. At one stage the
barrier was large enough to completely isolate a relatively deep waterbody from
the open sea a few hundred metres away. Therefore sediment transport and
deposition in Fitzroy Bay have been important factors in the history of Lake
Kohangapiripiri. However the fact that the barrier consists of several raised beach
ridges indicates that coseismic uplift is likely to have played a part in the
formation and endurance of the barrier. Historical evidence suggests that 2.1 m of
uplift occurred at Pencarrow Head immediately west of the lake in the 1855
Wairarapa earthquake (Grapes and Downes, 1997). Matthews ( 1980) suggests that
rapid aggradation of the beach in front of Lake Kohangapiripiri since l94l is
related to the arrivalof a pulse of gravel derived from earthquake-induced
landslides of the 1840s and 1850s. This indicates that sediment supply and
transport and coseismic events have acted together to build and maintain
a barrier between the lasoon and sea.
Coseismic events are also likely to have impacted on the lagoon itself. At Lake
Kohangapiripiri there are three main transitions in depositional environment and
two minor transitions one of which requires further investigation and the other
occurs so recently it is hard to characterise (Fig. 6.9). Although each
environmental transition is consistent with a coseismic origin, none of these
changes provide much information with which to infer the cause of change.
6.5.2 Description of Transitions
Transition A-B at 577 cm depth involves deposition of a layer of sand and
completion of the final stage of isolation of the waterbody from the sea. The cause
of change was not necessarily of great magnitude considering the waterbody was
already predominantly closed. The shift in diatom assemblage occurs nroderately
suddenly at this point but without the earlier part of the record it is hard to put this
shift in context. The transition appears to occur near the base of the sedimentary
sequence from the northeastern wetland of Lake Kohangapiripiri (Cochran et al.,
1999) but synchroneity is hard to establish because part of the record is missing
near this point. It is likely the transition was caused by final closing of the barrier
that was in place between the waterbody and sea at this time. This could have
occurred gradually through sediment accumulation or rapidly in a storm event or
earthquake uplift. The layer of sand deposited at this time consists of angular,
poorly sorted greywacke clasts consistent with the fine toe of a landslide off the



































































assemblage favours a catastrophic cause rather than continuation of sedimentary
processes.
Within zone B deposition of an inferred landslide deposit appears to coincide with
the disappearance of marine and brackish marine species. However marine and
brackish marine species were already present at very low abundances so no large
scale environmental change is required to explain their disappearance. For this
reason and because higher resolution diatom counts would be required to check
the nature of this change, it is presented as a tentative transition not warranting
too much emphasis.
Transition B-C at 434 cm depth involves deposition of a layer of sand and wood
fragments within the lake sediments and initiation of a deep water phase in the
waterbody's history. This change is of moderate magnitude as it is estimated to
involve at least a metre increase in water depth. It occurs suddenly because the
three planktonic species that dominate zone C all increase noticeably at this depth.
The transition is a lake-wide event that occurs synchronously in the wetland core
(Cochran et al.,1999). A sudden deepening of the lake basin could be caused by
coseismic subsidence, compaction due to liquefaction of soft sediments, or
increased ponding behind a lrigher or less penneable barrier. The incorporation of
layers of sand and wood into the record indicates that disturbance of the
catchment occurred concurrentlv.
Transition C-D at 130 cm depth is not represented by a change in sediment but
involves a shallowing of the lake as inferred from the diatom flora. Gradual
shallowing occurred throughout the upper section of zone C but at the C-D
transition a larger magnitude and more sudden change in water depth was
achieved. A very similar shallowing signal is found in the sedimentary sequence
of the wetland. This transition could be the result of sediment accumulation and
infilling of the lake basin. A moderately sudden change in the diatom flora may
occur when accumulation reaches a point where light levels on the lake floor
make habitation of the sediments favourable to diatoms. However this would
result in fairly localised changes around the shallow margin of the waterbody.
Transition C-D occurs synchronously at both ends of the lake suggesting that a
lake-wide cause of shallowing is required.
A more sudden shallowing appears to be represented by the top two samples
within zone D. This involves a fairly large change in species and the exact signal
occurs synchronously in the wetland core, Because it is only represented by the
top two samples in each core, further investigation is needed to confirm the nature
of this change. A sudden shallowing of lake-wide extent would be consistent with
an earthquake-induced change in water table level.
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6.5.3 Change in Elevation
At Lake Kohangapiripiri, core elevations and diatom assemblages could be taken
to indicate that substantial subsidence has occurred at the site over the last 7000
years because evidence of marine influence in the sedimentary sequence is nearly
five metres below present sea level (Fig. 6.10). However, in this case, the
existence of terrestrial sediments below sea level is considered to be the result of a
large barrier having been in place at the mouth of the valley throughout this time.
Estimates of relative sea level change cannot be made from the sedimentary
sequence because of the complete lack of tidal influence at the site over the last
7500 years. Estimates for the amount of deepening and shallowing may provide
rough guidelines as to the amount of vertical movement of base level but water
depth preferences of diatom species are not known well enough to provide
quantitative estimates of change in water depth.
A better indication of the amount of vertical movement of base level is obtained
from the raised beach ridges in front of Lake Kohangapiripiri. The height of the
oldest raised beach ridge is 8.5 m amsl, about 5 m above the modern storm beach.
The beach ridge raised in the 1855 earthquake is about 2 m above the modem
storm beach (Grapes and Downes, 1997) so about 3 m uplift occurred prior to this
and since the fbrmation of the oldest stonn beach. The number of events
responsible for this uplift is not known because storm beach ridges were not
necessarily preserved from every uplift event. The easily transportable nature of
sediment on the Fitzroy Bay coast (compared with, tbr example, the boulder
beaches of Turakirae Head) and the power of the southerly swell in Cook Strait
could well have caused beach ridges to merge or be destroyed if the amount of
uplift was not large. Extraction of gravel in recent times has blurred evidence of
the 1855 raised beach ridee.
6.5.4 Age of Transitions
The age of transition A-B at 6300-7250 cal. years BP was detennined by a
radiocarbon date on organic mud immediately above the transition horizon. Two
radiocarbon dates, one below transition B-C and one above transition C-D were
used to calculate ages for these transitions using maximum and minimum
sediment accumulation rates. Transition B-C occurred between 5400 and 4900
cal. years BP and transition C-D has an age of about 2300-2100 cal. years BP. An
estimate for the tentative landslide event within zone B was calculated in the same
way to be 6000-5800 cal. years BP. Shallowing in the upper part of zone D occurs
at about l5 cm depth so if the slow accumulation rate for this part of the core is
real the change occurred about 50 years ago. If the accumulation rate has been
affected by loss of sediment then the rate typical for the rest of the sequence of I
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Fig. 6.10. Elevation of the sedimentary seqlrence at Lake Kohangapiripiri relative to
present mean sea level. About 475 cm of terrestrial sediments exist below present
mean sea level.
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As noted above, diatom assemblage zones recognised in KP99-1&2 can be
conelated with very similar zones in a landward core analysed in a previous
study. The sedimentary sequence of the landward core was dated with six
radiocarbon dates (Cochran et al. 1999) so ages for environmental transitions can
be calculated as above. Ages calculated in this way indicate that transitions at
each end of the waterbody occurred synchronously (within the resolution of
radiocarbon dating).
6.5.5 Effects of the l855AD Earthquake at Lake Kohangapiripiri
Lake Kohangapiripiri is the only site of the three Holoceue sites studied that is
unarguably within the area of land uplifted in the 1855 AD earthquake on the
Wairarapa Fault. It is well documented by historical evidence that 2.1 m of uplift
occurred at Pencarrow Head, sffong shaking was felt throughout the Wellington
region resulting in numerous small slips and several large landslides, and a
tsunami inundated the southern coast of the North Island as a result of the
earthquake (Grapes and Downes, 1997). The storm beach in Fitzroy Bay was
uplifted (Adkin, 1955) but what affect did these occurrences have on the lagoon
itself?
There are several 1840s maps of the Fitzroy Bay area that suggest the surface area
of Lake Kohangapiripiri was more extensive prior to the earthquake than it is at
present and that the outlet extended further towards the sea (Cochran, 1995). If it
is assumed that the very recent sedimentary record is complete, then the at-fect of
the earthquake on the lagoon was sudden shallowing of the waterbody and
associated shrinking of the margins with further encroachment of wetland
conditions. This is recorded in the change to diatom assemblages in the top
l5-20 cm of sedimentary sequence at both ends of the lagoon. There is no
indication of change in the sedimentology of the sequence and there is no
evidence of shaking or marine inundation at this time. This has implications for
detection of earthquake signatures in coastal waterbodies 
- 
where waterbodies are
well protected from the sea a change in relative water table level may be the only
effect preserved in the record. For example small landslides produce localised
deposits that will not be present at all core sites and a large tsunami wave would
be required to overtop or breach an 8.5 m high gravel barrier and deposit marine-
derived material in the back barrier environment.
Association of this sudden shallowing with the 1855 earthquake strengthens the
possibility that transition C-D was also caused by coseismic uplift. Transition C-D
consists of sudden shallowing without any other features indicative of an
earthquake. Characterisation of the changes to diatom assemblages as a result of a
water depth change of about two metres is not attempted here because higher
resolution sampling and counting would be required to do this adequately.
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6.6 CONCLUSIONS
Sedimentology and diatom analysis of a 650 cm long, 7500 year old sedimentary
sequence from the seaward end of Lake Kohangapiripiri were used to reconsfiuct
past environment at the site. Three radiocarbon dates provided sufficient age
control to confirm that environmental changes recognised in the seaward
sequence were approximately synchronous with changes identified in landward
cores from a previous study (Cochran et al., 1999). Therefore environmental
transitions are assumed to be of lagoon-wide extent. Diatom assemblages were
interpreted using traditional salinity and habitat preferences and also through
comparison and calibration with a modern coastal diatom calibration set. Analysis
resulted in reconstructions of waterbody type, water depth and salinity.
Lake Kohangapiripiri has been predominantly isolated from the sea by a large
gravel barrier for the last 7500 years. Despite much of the sedimentary sequence
being below present sea level and only a few hundred metres from the open sea,
there is little evidence of marine influence preserved in the sedimentary record.
Four main paleoenvironments are recognised at the site and these reflect barrier
growth at the base of the sequence and relative changes in water table level.
Coarse-grained influxes into the lagoon indicate that catchment disturbance
occurred in conjunction with the two oldest environmental transitions at about
6800 and 5200 cal. years BP.
This association suggests transitions were caused by catastrophic events rather
gradual barrier growth. Another inferred landslide deposit that is only associated
with a minor change in depositional environment occurred about 5900 cal. years
BP. The third main environmental transition at about 2200 cal. years BP involved
lagoon-wide shallowing. Lagoon-wide shallowing also occurred in very recent
times and may be the result of uplift in the 1855 Wairarapa earthquake.
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CHAPTER SEVEN
A Paleoecological Contribution to
Wellington's Paleoseismic Record
7.1 SCOPE OF CHAPTER
Holocene histories of three waterbodies in the Wellington region are described in
Chapters Four, Five and Six and at each of these sites evidence fbr sr"rdden
environmental change is encountered. In this chapter, a sumrlary of Wellington's
existing paleoseismic record, derived predominantly from fault trench studies and
raised beach ridge sequences, is presented. This existing history provides a record
of past large earthquakes with which to compare the record of environmental
transitions detected in this study. The main features of environmental transitions
are summarised. aind a distinction is made between transitions that ar"e considered
to provide evidence for coseismic movement of base level, and those that are
consistent with the occurrence of a large earthquake, but do not provide
independent evidence for such an event. The timing of previously recognised
earthquakes is compared with the timing of environmental transitions in the
sedimentary record documented here.
7.2 INTRODUCTION
Paleoseismological studies involve detection and interpretation of geological
evidence for past movement along and across faults. A general aim of such studies
is to characterise the nature oI fault movement and earthquake occurrence over an
extended period of time, that is geological time rather than historical time.
Historical records such as seismicity catalogues are useful to the study of
earthquakes because they provide extensive infbrmation about events too small to
be preserved in the geological record. In some cases written descriptions of large
un-seismically recorded earthquakes provide enough information to estimate basic
parameters of movement (eg, Grapes and Downes, 1997). However because of the
generally long time interval between major ea.rthquakes on a single fault, the
generally short period for which seismicity has been recorded in most countries,
and the importance of major earthquakes from a hazard perspective, geological
investigations are required to supplement historical records of fault movement.
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Paleoseismology is inextricably linked with seismic hazard analysis through the
idea that 'the past is the key to the future'. In other words, sufficient knowledge of
past earthquake occurence should provide insight into future earthquake
occurrence through development of models that describe fault behaviour. For
many seismically active regions the Gutenberg-Richter relationship suggests that
earthquakes become about ten times less frequent with every unit increase in
magnitude (Sibson, 1989). For individual faults there are a number of models that
attempt to describe fault behaviour. Some faults have been shown to follow a
time-predictable model in which the time that elapses between earthquakes is
related to the amount of movement that occurred in the previous earthquake
(Thatcher, 1984). Srudy of several fault zones with long paleoseismic records led
to development of the characteristic earthquake model that suggests individual
faults and fault segments frequently generate similar sized earthquakes with a
narrow range of magnitudes around the maximum (Schwartz and Coppersmith,
1984), Examples of non-periodic, chaotic recurrence patterns, period recurrence
and clustering of earthquakes in time have all been documented from various
faults around the world. In New Zealand it appears that different models of fault
behaviour are requircd to explain fault movement in each of the main tectonic
provinces (Berryman and Beanland, l99l). At present there is not a large enough
paleoseismic dataset to thoroughly assess different models and describe settings in
which they are applicahle, so the challenge remains to enlau'ge the dataset and
continue rnodel development and assessment.
In the Wellington region of New Zealand the existing paleoseismic record
indicates that large surface rupture earthquakes have been a feature of the region's
history throughout the late Quaternary. Slip rate estimates have been calculated for
most major active faults and much evidence of past earthquakes has been
documented and dated. However more information is desirable because on sonle
faults considered active no evidence of past earthquakes has been documented. On
other faults only the last couple of events have been dated, and on the one fault
where many events have been identified. estimates of tirning do not coincide well
between diff'erent localities. A source of information about past earthquakes that is
proving to be useful internationally and has not previously been utilised in
Wellington, is the sedimentary record. In this chapter 'sedimentary record' refers
specifically to sequences deposited in lakes and coastal waterbodies rather than
fault related sequences such as colluvial wedges. One main aim of this thesis is to
contribute to Wellington's paleoseismic history by investigating the Holocene
sedimentary record for evidence of earthquakes.
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7.3 WELLINGTON'S PALEOSETSMIC RECORD
7 .3.1 Previous Work
Paleoseismic work in the Wellington region has focused predominantly on
identifying earthquakes associated with each major fault. Therefbre this section is
arranged according to major faults from east to west across the region. Studies of
raised beach sequences not directly related to a particular fault are outlined at the
end of the section. Mention is also made of the subduction interface beneath
Wellington although no large magnitude earthquakes are known to have occured
on it.
Wuirarupa Fault
The Wairarapa Fault is situated on the western side of the Wairarapa Valley about
30 km east of Wellington city (Fig. 7.I ). It is an active fault with an estimated
Quaternary slip rate of 6-l I mm/yr, which accounts for one third to a half of the
boundzry parallel component of plate motion (Grapes, 1999). The fault trace is
well defined for a distance of 90 km north of Palliser Bay and it continues south
into Cook Strait (Carter, et ol., 1988) and north to southern Hawkes Bay as a
series of subparallel fault traces (Grapes, 1999). There is much geomorphic
evidence along the fault for occurrence of repeated large surtace rupture
earthquakes and detailed infbrmation of prehistoric eiuthqualies comes from three
main sources: raised beach ridges at Turakirae Head. offset river terraces on the
Waiohine River, and stratigraphy of a far-rlt trench excavated near Tea Creek Road.
At Turakirae Head on the south coast immediately west of the Wairarapa Fault, a
series of raised beach ridges are recognised as being the result of repeated large
magnitude coseisnr.ic uplift events (eg, Wellman, 1969). Moore (1987) presented
numerous radiocarbon dates of shell and organic material in an attempt to date
earthquakes responsible for uplift of each beach ridge. Hull and McSaveney
( 1996) re-assessed existing interpretations in the light of modern material being
incorporated into the beach previously considered as that uplifted in 1855 AD.
Radiocarbon dating of in-situ shell material supported their hypothesis that the
beach was modern, the strength of the southerly swell having been underestimated
previously. The current interpretation is that evidence of four earthquake events is
preserved at Turakirae Head, of which the 1855 Wairarapa Fault event is the
youngest, and all previous events are similar in magnitude. It is assumed that
previous uplifts at Turukirae Head were caused by movement on the Wairarapa
Fault because of the association of the 1855 uplift and Wairarapa Fault movement.
the lack of any likely sources east of the Wairarapa Fault and the consistency of











Fig. 7. I . Map of the Wellington Region with an inset of central New Zealand showing
major active faults and paleoseismic localities mentioned in text.
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The Wairarapa Fault cuts a series of river terraces on the Waiohine River
northwest of Greytown. Lensen and Vella (197l) surveyed eight tenaces,
measured seven veflical displacements caused by fault movement and five
horizontal displacements. They calculated average rates of faulting of between
3.4 and 6 rnm/yr for the horizontal conponent and 0.5 - 0.9 mm/yr for the vertical
component based on age estimates fbr the Waiohine Surface (oldest terrace) of 35,
000 and 20,000 years. Grapes and Wellman ( 1988) recognised a slightly different
arrangement of seven terraces with six vertical and horizontal displacements.
Grapes ( 1999) considers the Waiohine Surface to he about
I 1,000 years old and thereby calculates a much higher horizontal slip rate of abourt
I 1 .5 mm/yr. Tenaces have not been directly dated so timing of past earthquakes
and .slip rates are not tightly constmined. However measurement of 53 dextral
displacements additional to those preserved at Waiohine River indicate that at
least seven dextral displacement events of the same or greater offset as the 1855
earthquake have occumed along the Wairarapa Fault (Grapes and
Wellman, 1988).
At a small drainage channel site near Tea Creek Road a trench was excavated
across the Wairarapa Fault to look for evidence of past surface ruptllre
earthquakes (Van Dissen and Berryman. 1996). Trench stratigraphy consisted of
four cycles of sedimentation with each cycle composed of units considered to be
the result of strong shaking and ponding of drainage dr,re to offset along the fault
scarp. Timing of these inf'erred earthqlrakes was estimated by radiocarbon dating
of bark, twigs and seeds considered to have died as a result of strong shaking in
the earthquakes.
Studies outlined above indicate there is much evidence for coseismic movement
along the Wairarapa Fault in the late Quaternary. However timing of earthquakes
is not well constrained. Most horizontal displacements have not been dated at all
and event-related features that have been directly dated do not coincide well. It is
generally accepted that the age of uplifted beaches at Turakirae Head should
coincide with timing of lateral movement along the Wairarapa Fault (Grapes,
1999). However dating of these two components does not closely agree, tbr
example note the complete offset of Hull and McSaveney's (1996) ages for uplift
of Turakirae beach ridges and Van Dissen and Beryman's (1996) estimates of
event timing from the Tea Creek trench (Fig. 7.2). It is likely this represents a
systematic offset resulting from the type of deposits being dated in each case
rather than two sites recording differenl events, but it means that absolute ages of
fault movement are uncertain.
Wellingtort Fuult
The Wellington Fault is a major active dextral strike-slip fault that runs fiom

















































Fig.7-2. Ages of earthquakes in the Wellington region identified in previous studies.
Lengths of colour bars represent one or ntro sigma ranges of radiocarbon dates following
those quoted in each publication. Labels for raised beaches also follow those used in
publications.
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Upper Hutt, and north almost to the Bay of Plenty (knsen, 1958). It has been
traced on the continental shelf in Cook Strait heading towards Cloudy Bay where
it may merge with the Ohariu Fault (Carter et al., 1988). There are numerous
examples of laterally offset streams, ridges and terraces indicating recent
movement along the fault, with most displaying a small component of vertical
uplift to the northwest ([rnsen, 1958). Displacements younger than 14,000 years
indicate a change in sense of vertical movement, with uplift generally occurring to
the southeast (Berryman, 1990). Paleoseismological studies have focussed on the
southern section of the fault because of the great hazard that rupturing in this
region presents. Berryman (1990) proposed that the 75 km long section of the
Wellington Fault from Cook Strait to Kaitoke is a single rupture segment, referred
to as the Wellington-Hutt Valley Segment. He calculated an average horizontal
displacement length of 3.8-4.6 m from about five displacements across river
terraces at Te Marua, and an estimated slip rate of 6-7 .6 mmlyr based on
displacement of terraces aged between 140,000 and 14,000 years at Emerald Hill.
Using these estimates Berryman (1990) suggests that earthquakes of magnitude
7.I-7 .8 are likely to occur on the Wellington-Hutt Valley segment every
485-783 yeam.
Van Dissen et al., (1992) provide ages for three surface rupture events on the
Wellington Fault from radiocarbon dates on organic material in trenches
excavated across the fault at Long Gully and Kaitoke, and from offiet river
terraces at Te Marua. ln Long Gully the most recent event occurred about
300-450 cal. years BP and the penultimate event occurred at some time between
560-670 and 790-930 cal. years BP. An older event is recorded at 3380-3540
cal. years BP but there may have been younger events of which no evidence is
preserved in the trenches. At Te Marua a maximum age for the last surface rupture
event of 3lO-470 cal. years BP, agrees well with the Long Gully age.
A minimum age of 200-300 years is provided by existence of several unfaulted
late Holocene terraces that would have required several hundred years to form
following the last event. A second age estimate for the penultimate event of
between 670-730 and 770-830 cal. years BP comes from a tree in a trench across
the fault at Kaitoke and falls within the bracket of time estimated at Long Gully.
Although there is evidence of five large surface rupture events in the last 14,000
years at Te Marua and several much older events at Emerald Hill, only the last two
events, and possibly a third older event, have been directly dated (Fig.7 .2).
Ohariu Fault
The Ohariu Fault extends northeast from the continental shelf in Cook Strait
(Carter et al., 1988), through Porirua City to Waikanae (Heron et al., 1998).
Recently a probable extension of the Ohariu Fault has been confirmed as an active
strike-slip fault and named the Northern Ohariu Fault (Van Dissen et al., 1999).
The Ohariu Fault is a dextral strike-slip fault with small amounts of uplift
occurring to the northwest except at Porirua and Horokiri Stream where uplift
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occurs to the southwest (Heron et al., 1998).The fault has an average horizontal
slip rate of l-2 mm/yr, single event lateral displacements of 3.7 m, a recurrence
interval of 2000-5000 years for an estimated earthquake magnitude of 7 .l-7 .5
(Heron et al., 1998). These estimates are based on the preferred scenario of a
single rupture segment from Cook Srait to Waikanae. However at Porirua
Harbour there is an inferred 1.5 km right step that may be a pull-apart basin
situated at the boundary between different rupture segments. Timing of
earthquakes north and south of Porirua is not well enough constrained to
determine what segments are involved with surface rupture faulting
(Heron et al., 1998).
Heron et al. (1998) trenched the fault at three places in the Ohariu Valley and at
one site in the Horokiri Valley (Fig. 7.1). The timing of the last surface rupture
event on this fault occurred between 150 and 1130 cal. years BP according to
dates measured in the Ohariu Valley trenches, and between 1070 and23 t0 cal.
years BP as measured in the Horokiri Valley. If a single rupture segment is
accepted then timing can be more tightly constrained to 1070-l 130 cal. years BP
(Fig.7 .2). A tentative estimate for the penultimate earthquake is 2350-2360 cal.
years BP. It comes from a root collected from trench site two in the Ohariu Valley
that may have died from a change in groundwater or sedimentation resulting from
an earthquake.
Shepherds Gully - Pukerua Fault
The Shepherds Gully and Pukerua Faults form a distinctive lineation on the
western edge of the Wellington Peninsula. Van Dissen and Berryman (1996)
consider the two faults to be part of the same structure that runs offshore for most
of its length. Horizontal displacements of 3.5-4 m have been measured on the
Shepherds Gully fault and a slip rate of 0.8-1.4 mm/yr has been measured from an
offset channel on the Pukerua Fault. This enables a rough estimate of 2500-5000
years recurrence interval to be calculated. No data is available on the timing of
recent surface rupture earthquakes. However time elapsed since the last event is
considered to be greater than that for the Ohariu Fault because of the
comparatively poor preservation of fault scarys on the Shepherds Gully - Pukerua
Fault (Van Dissen and Berryman, 1996).
Wairau Fault (Northern Extension)
Caner et al., (1988) recognised from seismic surveys that the Wairau Fault
continues offshore of the South Island, through Cook Strait, and passes west of
Kapiti Island. This is a major active dextral strike-slip fault in the South Island so
a surface rupture earthquake involving the northern section of the fault has serious
implications for the Wellington region. The fault in the South Island has an
estimated slip rate of 3-5 mm/yr and a single event horizontal displacement of
5-7 m (Zachariasen et a1.,2001). Three or four surface rupture earthquakes are
inferred to have occurred since about 5600 cal. vears BP with the last and
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penultimate events occuring between 1400-2600 and 2600-3300 cal. years BP
respectively (Zachariasen ef al., Z00I). The seismic history of the northern section
is unknown.
Other Earthquake Studies
Raised beach ridges that are not uniquely related to a particular fault also provide
records of earthquake events occurring in the region. Pillans and Huber (1995)
describe a series of paleoshorelines at Rongotai that provide evidence for the
occurrence of eight earthquakes totalling 7-9 m of uplift in the last 6500 years.
Five of these events are attributed to movement on the Wairarapa Fault because of
their similar age to raised beaches at Turakirae Head described by Moore.
However with reassessment of ages by Hull and McSaveney (1996), only three
paleoshorelines correlate well with Turakirae beaches (Fig.7 .2). Small local faults
are discounted as causing the remaining events because of the lack of evidence for
Holocene movement on such structures. Movement on the Wellington Fault is a
possibility because recent events appear to have caused uplift to the southeast
despite the typical sense of movement being uplift to the northwest over geologic
time ([.ewis, 1989; Berryman, 1990).
Stranded beaches also occur at Petone and according to Stevens (1973), the
youngest was uplifted in the 1855 earthquake on the Wairarapa Fault, the second
was uplifted about 460 years ago and the third beach known as 'the rise' is older
than 1800 years and may be as old as 2350 years. Stevens ( 1973) correlates the
second beach with Wellman's (1969) beach ridge C at Turakirae Head and thereby
with movement on the Wairarapa Fault, but since re-interpretation of the
Turakirae Beaches, this correlation is no longer valid. Stirling (1992) recognises
the three beaches described above (B, C and D) as well as two older beaches E
and F that can only be constrained to being younger than 4000 years.
T he S ubd uc tion I nt e rfac e
Another potential earthquake source is the subduction interface that lies about 25
km beneath Wellington city (Begg and Mazengarb, 1996). There have been no
large subduction thrust earthquakes in historic times although the 1855 AD
Wairarapa earthquake may have involved rupture of part of the subduction
interface in addition to the Wairarapa Fault (Darby and Beanland, 1992). Little is
known of the seismic behaviour of the subduction interface in this region but Van
Dissen and Berryman (1996) derive estimates of certain parameters (earthquake of
magnitude 8.2, recurrence interval of 2000 years) through comparison with similar
subduction zones worldwide. They show that such a movement represents a
contribution to seismic hazard in the Wellington region in the 100-500 year time
period. The position of the locked section of the subduction interface (that thought
to slip in large earthquakes) is not known precisely but is estimated to underlie the
southern North Island east of the Rimutaka Range (Robinson et al., 1998).
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7.3.2 Evidence of Earthquakes in the Sedimentary Record
Introduction
Environmental transitions that occur in the sedimentary sequences of Taupo
Swamp, Okupe Lagoon and Lake Kohangapiripiri were investigated closely to
determine possible causes of change (Chapters Four, Five and Six respectively).
Characteristics used to look at transitions included the nature of the initial and
resulting paleoenvironments, the sedimentary contact, any unusual features
immediately preceding or following the transition, and the change in terms of
species composition. In this section features of each transition are summarised and
an assessment is made as to the likely cause of change using criteria (outlined in
section 2.5, Chapter Two) of Nelson er al. (1996b).
Because of difficulties associated with measuring change in tidal elevation and
water depth (Chapter Two), the difference in paleoenvironment across each
transition is used as an indication of amount of change that occurred. Two factors
are used to provide quantitative estimates of this change in order to avoid bias
introduced in quantitative descriptions and to enable direct comparison between
transitions. The salinity factor (Table 7.1) is the difference in paleosalinity across
the transition calculated using an average of both weighted averaging
reconstruction models. It is presented in log salinity units so that transitions
occurring at high and low salinity values are directly comparable. The DCA scores
are the difference in DCA axis scores (for zxis one and two) between samples
either side of the transition using the DCA analyses of fossil and modern samples
presented in Chapters Four, Five and Six. This difference represents movement
along the coastal waterbody gradient so is a quantitative measure of change in
waterbody type.
S ummary of Environmental T rans itions
Ten transitions are identified in total (Table 7.1) and each transition meets the
basic requirements of being laterally extensive within each waterbody according to
available core samples and synchronous within the bounds of radiocarbon dating.
At Okupe Lagoon and Taupo Swamp transitions are thought to have occurred
suddenly because diatom assemblages change completely between five centimetre
interval samples. At transition A-B in Taupo Swamp wet mounts were used to
check between permanently mounted samples and the distance over which
assemblages changed completely was three centimetres. At Lake Kohangapiripiri
diatom assemblages change over l0 cm or 20 cm intervals but transitions were not
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Transitions one to five (Table 7.I ) consist of a change in relative sea level or water
table level associated with a large amount of change in waterbody type
(A-B and B-C at Taupo Swamp and Okupe Lagoon, and B-C at Lake
Kohangapiripiri). Because of the good preservation of assemblages, transitions
A-B and B-C at Taupo Swamp are the most convincing examples of large
magnitude changes in relative sea and water table levels. The inland position of
core sequences and their distance from valley sides may explain the lack of
evidence for marine inundation or catchment disturbance. Although the amount of
change in paleoenvironment at transitions A-B and B-C at Okupe Lagoon is
probably overestimated because of the lack of modern analogues for the
assemblage of zone B, the transitions do represent permanent changes to relative
sea level and are still considered to involve a large amount of change. [n addition,
transition B-C is accompanied by evidence for catchment disturbance and possible
evidence for marine inundation. Unlike most other transitions, transition B-C at
Lake Kohangapiripiri involves an increase in water depth as opposed to a
decrease. Although the salinity factor is less useful in an isolated waterbody, a
large environmental change is inferred from the DCA score. Coincidence of
evidence for catchment disturbance at this horizon supports the idea that the
change was coseismic in origin.
Transitions six to ten (C-D and D-E at Okupe Lagoon and A-B, C-D and upper D
at Lake Kohangapiripiri) consist of little or no evidence for vertical movement and
smaller amounts of paleoenvironmental change. Transitions C-D and D-E at
Okupe Lagoon include strong evidence for catchment disturbance and for marine
inundation at D-E only. The paleoenvironmental change that occurs across the
transitions may well have been caused by a catastrophic event and is consistent
with the effects of an earthquake but does not provide independent evidence for
such an event. At Lake Kohangapiripiri transition A-B could well be due to
closing of the barrier without any movement of base level. The coincidence of a
landslide deposit at the transition horizon is the only piece of evidence to link the
change to an earthquake. Transitions C-D and upper D involve lagoon-wide
shallowing but the magnitude of change inferred from DCA scores is not great
enough to unequivocally assign a coseismic cause to the transitions especially as
there is no associated evidence for catchment disturbance or marine inundation.
At this initial stage, and taking into account all available information, it is
proposed that transitions one to five provide independent evidence for coseismic
movements of base level and transitions six to ten are consistent with the effects
of an earthquake but do not provide independent evidence for such an event. This
is the first study of its kind in the region so emphasis is on identification of
transitions that fulfil some of the criteria rather than replication of transitions at
several sites on each fault-bounded block. Ideally investigation of similar
sequences at a greater number of sites would be undertaken to confrm the nature
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of transitions summarised above and strengthen the case for coseismic causes of
change.
Comparison of Ages with Previously Recognised Events
Timing of environmental transitions recognised at Okupe Lagoon, Taupo Swamp
and Lake Kohangapiripiri are compared with timing of earthquake events
recognised in previous studies (Fig. 7.3) in order to evaluate synchroneity of
transitions with events that are uniquely related to particular faults.
Transition A-B at Taupo Swamp was not directly dated but is bracketed by
radiocarbon dates before and after the event horizon (Fig. 7.3). The ages for
transition A-B at Okupe Lagoon fall near the centre of this bracket so until higher
resolution dating proves otherwise, it can be assumed these transitions occurred at
a similar time if not synchronously. The time span represented by transitions A-B
at Taupo Swamp and A-B at Okupe Lagoon coincides well with the timing of
uplift of beaches at Rongotai (CU 3 & 4). Infened surface ruptures on faults at this
time include one on the Wellington fault near the beginning of the time span. This
estimate is the oldest known event on the Wellington Fault at 3540-3380 cal. years
BP and comes from a trench in Long Gully (Van Dissen et al., 1992). There is also
an event infened from the Tea Creek Road trench on the Wairarapa Fault that
occurs towards the end of the interval and a possible rupture of the Wairau Fault.
An event greater than the magnitude 8+ Wairarapa earthquake of 1855 would be
required on the Wairarapa Fault at this time to cause the changes observed at the
A-B transitions. This is because the distance of the sites from this fault (Okupe
Lagoon is 
-45 km from the Wairarapa Fault) exceeds that over which any
significant uplift occurred in 1855. Therefore movement on the Wairau or
Wellington Faults, because of their greater proximity to the sites, is favoured as
the cause of transitions A-B over movement on the Wairarapa Fault.
Transition B-C at Taupo Swamp coincides even more closely with transition B-C
at Okupe Lagoon than the A-B transitions. Within the resolution of radiocarbon
dating these events can be considered synchronous because higher resolution age
control would be required to prove that they occurred at different times. The
bracket of time within which the B-C transitions occurred is 2720-21ffi cal. years
BP. Within this time a shallowing event occurred at Lake Kohangapiripiri
(transition C-D), and beaches were raised at Petone (BR D) and Turakirae Head
(BR 3). In terms of fault rupture, a possible event on the Wairau Fault is recorded
and there is a tentative estimate for the penultimate event on the Ohariu Fault put
forward by Heron et al. (1998). Their date of 2360-2350 cal. years BP comes from
a root collected from a trench across the Ohariu Fault in the Ohariu Valley. An
earthquake on the Ohariu Fault at the time of the B-C transitions is consistent with
the evidence at Taupo Swamp and Okupe Lagoon because the large magnitude of
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Fig.7.3. Ages of environmental transitions recognised in this study compared with ages
of previously recognised earthquake events in the Wellington region. Brackets highlight
intervals of surface fault rupture as described in text and summarised in Table 7.2.
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about 2 km northwest of the fault in Kahao Stream and Okupe Lagoon about 12
km northwest of the fault at Waikanae. The sense of movement implied by the
transitions, that of uplift to the northwest, is conformable with geomorphic
observations on the Tongue Point-Makara, Makara-Porirua, Kahao Stream and
MacKays Crossing sections of the fault (Heron et aI., 1998). It is also possible that
the B-C transitions were caused bv movement on the Wairau Fault.
Coincidence of the A-B transitions at Taupo Swamp and Okupe Lagoon and also
of the B-C transitions at these sites provides support for a regional cause of change
in environment at each site as opposed to a local cause. Sudden shallowing and
isolation from the sea occurring synchronously at sites nearly 30 km apart is
explained more simply by an external mechanism, such as coseismic movement of
base level, than by local sedimentary processes acting on different coasts and
under different wind and wave climates.
Transition C-D at Okupe Lagoon coincides with estimates for the timing of the
last earthquake on the Ohariu Fault. Van Dissen and Berryman's (1996) estimate
is the overlap of four dates of the most recent event as represented at four different
sites along the fault. Heron et al.'s ( I 998) estimate is the overlap of eight dates
made under the assumption that the fault segments north and south of Porirua
Harbour ruptured together. The date from Okupe Lagoon made on the distinct
layer of wood, pebbles and pumice in core OL97-3, correlates well with these
estimates. This indicates that transition C-D at Okupe Lagoon is likely to be a
signature of the last surface rupture earthquake on the Ohariu Fault. Wood,
pebbles and pumice deposited in the lagoon at the transition horizon suggest the
area experienced strong shaking at this time. The slight rise in relative water table
level may have been the result of differential subsidence due to liquefaction of soft
sediments during the earthquake.
The age of transition D-E at Okupe Lagoon at the 95 Vo confidence level coincides
with the ages of both the last two earthquake events on the Wellington Fault. The
date comes from a layer of large wood fragments deposited by some form of
catchment disturbance. If the disturbance was seismic shaking it is likely that
wood fragments deposited in the lagoon were already dead. They would give an
older radiocarbon age than the event itself so this transition is more likely to be a
signature of the last event on the Wellington Fault than the penultimate event. The
occurrence of a large peak in brackish marine diatoms at the D-E transition
suggests this event triggered a tsunami that inundated the lagoon.
Transitions A-B and B-C at Lake Kohangapiripiri are thought to be signatures of
earthquake events on the Wairarapa Fault. They coincide with uplift events of
Pillans and Huber (1995) at Rongotai and they appear to bracket dates at Turakirae
Head and Tea Creek on the Wairarapa Fault. This clustering of ages may indicate
that dates in each cluster represent one earthquake event, one occurring at some
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time aroundT250-6300 cal. years BP and the other around 5400-4900 cal. years
BP. If this were the case it would support the idea that ages of beach ridge uplift at
Turakirae Head and surface rupture in the Tea Creek Road trench are offset for
some systematic reason. The difference between ages is similar in each case with
Turakirae beach ages consistently 400-600 years older. If this also applies to the
more recent events it suggests there was an event not preserved at Turakirae Head
around 3000 cal. years BP or the Tea Creek Road event at2860-2750 cal. years
BP was not the result of an earthquake.
Transition C-D at Lake Kohangapiripiri coincides with the B-C transitions at
Okupe Lagoon and Taupo Swamp and also with uplift of beach ridge D at Petone
and beach ridge three at Turakirae Head. There is evidence for surface rupture
earthquakes on both the Ohariu and Wairau Faults around this time and also on
the Wairarapa Fault but the timing for this latter event is not well constrained.
Because of the large distance between sites (-60 km) it is considered likely that
effects at each site were caused by different events. For example effects at Okupe
Lagoon and Taupo Swamp are more likely to have been caused by movement on
the Wairau or Ohariu Faults and effects at Lake Kohangapiripiri by an earthquake
on the Wairarapa Fault. In making this assertion it must be remembered that the
major active faults in the Wellington region are predominantly strike-slip, steeply
dipping structures and any large earthquake involving surface rupture will involve
a relatively small component of vertical movement. Therefore the areal extent of
vertical movement is expected to be more restricted than for example, a
subduction interface event.
The shallowing event at the top of the sequence at Lake Kohangapiripiri is only l5
cm below the sediment surface and is estimated using sediment accumulation rates
to be almost present day. Therefore it is possible that it is a signature of the 1855
AD surface rupture earthquake on the Wairarapa Fault, or it may have been caused
by anthropogenic drainage at the site. ln the wetland core from Lake
Kohangapiripiri the equivalent event is at 20 cm depth and is estimated by
sediment accumulation rates to have occurred around the time of the last event on
the Wellington Fault (Fig. 7.3). Further dating of the recent sedimentary record at
Lake Kohangapiripiri would be required to decide which of these two possibilities
is most likely.
The timing of all environmental transitions recognised in this work coincides with
one or more surface ruptue events in the Wellington region. This does not prove
that transitions were caused by these same events but it does indicate there were
potential seismic sources that could have been responsible for each transition.
Another potential cause of coseismic movement of base level is movement along
the plate boundary interface itself. In terms of evidence for such an event from the
sedimentary record, a synchronous movement of base level would be expected at
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most sites in the region with increasing effects toward the east because of the
increasing shallowness of the plate interface in this direction.
There is one interval of time (2720-2100 cal. years BP) in which inferred uplift is
recorded in the sedimentary sequences of all three sites. As noted above, if
rupturing on surface faults caused this movement then several events are invoked
because a very large surface rupture earthquake would be required to cause uplift
at sites up to 60 km apart. It is possible these effects were caused by a single
earthquake on the subduction interface 
- 
effects would be widespread because it
underlies most of the region 
- 
or that a subduction earthquake triggered other
faults to rupture. This latter explanation is favoured because the study sites are
probably too far west to experience uplift in a subduction earthquake 
- 
it is
generally thought that uplift occurs seaward of the locked section of the
subduction interface (Clague, 1997). Consistent evidence at a greater number of
sites and higher resolution dating would be required to strengthen the case for
occumence of a subduction earthquake at this time.
Ages of environmental transitions identified in this work highlight, in a broad
sense, intervals of time in which fault ruptures occurred in the Wellington region
(Table 7.2). tnterval VII (7250-6300 cal. years BP) involved a Wairarapa Fault
rupture that is recorded at Lake Kohangapiripiri and at severalraised beach sites.
Interval VI (5400-4900 cal. years BP) was similar with the addition of a Wairau
Fault event. There are no events for at least l0O0 years after this (except for a
poorly constrained one on the Wairau Fault) and then intervals V and [V represent
phases of multiple fault rupture. Interval V (3850-2330 cal. years BP) involved
rupture of the Wellington, Wairau and Wairarapa Faults with effects recorded at
Rongotai, Okupe Lagoon and Taupo Swamp. Uplift is recorded at all three study
sites during interval IV (2720-2100 cal. years BP) as well as at Petone and
Turakirae, and there are inferred ruptures of the Wairau, Ohariu and Wairarapa
Faults. Subsequently there is another interval of time in which no ruptures are
recorded (assuming the Tea Creek date relates to the previous Wairarapa Fault
event). Around 1200 cal. years BP another period of activity began with interval
Itr involving an Ohariu Fault rupture, and interval II involving two Wellington
Fault events. Interval I represents the 1855 Wairarapa Fault earthquake.
These periods of activity could well be an artefact of the record because there are
no doubt events that have not yet been identified and the long age ranges of most
radiocarbon dates extend the apparent intervals in which activity occurred.
However it is also possible that clustering of large magnitude earthquakes in time
does occur in the Wellington region. Robinson et al. (1998) use computer models
of seismicity to show that when interactions between faults are considered there is
an increase in the likelihood of several large magnitude earthquakes occurring
within a short time frame. [n particular, a large earthquake on the subduction
interface is most likely to 'induce' other large earthquakes. The models indicate
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the time interval in which there is an increased likelihood of a large event
following a large event is 0-3 years, or at most 0-10 years (Robinson et al., 1998).
Currently available age resolution for inferred paleoseismic events would not
enable such small inter-event times to be identified and events would probably
appear synchronous in the record. Therefore the most likely occurrence of
clustering of large earthquakes as a result of one event triggering others
identifiable in the record at present is interval N at 2720-2100 cal. years BP
(Table 7 .2).ln this interval there is evidence of three surface rupture events and
uplift is recorded at all three study sites.
Intervals of Fault Rupture tl ill IV V VI vll
























































Table 7.2. Summary of the seven intervals of time in which surface rupture
earthquakes have occurred in the Wellington region as recognised from study sites
investigated here (r r ) and previous work on active faults (r) and raised beach
ridges (r) (see Fig. 7.3). lnterval I represents the only surface rupture event that
has occurred in historic times. Other intervals involve one or several surface
ruptures.
r 
= Environmental transitions l-5 that provide independent evidence for earthquake occurrence.
c = Environmental transitions 6-10 that do not provide independent evidence for earthquake
occuffence.
7.4 CONCLUSIONS
7.4.1 Summary of Results
This study illustrates what a dominant role large magnitude earthquakes have
played in the history of coastal waterbodies in the Wellington region over the last
7000 years. Within this time frame they are a frequent occurrence and their effects
are recorded at widely spaced sites on different fault-bounded blocks.
Environmental transitions recognised at Taupo Swamp, Okupe Lagoon and Lake
Kohangapiripiri occurred suddenly, are laterally extensive and synchronous within
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each waterbody. Five transitions consist of large magnitude changes in
environment and evidence for movement of base level 
- 
these are considered to
provide evidence for the occurrence of past large earthquakes. Five other
transitions consist of smaller magnitude changes in environment but they are
associated with catastrophic depositional events from the catchment or from a
seaward source. These are consistent with the effects of past earthquakes but do
not provide independent evidence for such events. All transitions coincide with
one or more surface rupture earthquakes recognised in the Wellington region in
previous studies.
Comparison of timing of transitions with previously recognised events highlights
intervals of time in the last 7000 years in which there appear to have been multiple
large magnitude earthquakes in the Wellington region. Environmental transitions
at Taupo Swamp and Okupe Lagoon indicate that uplift of western Wellington
occurred at some time between 3850-2330 cal. years BP. Surface rupture
earthquakes occurred in this interval of time on the Wellington, Wairau and
Wairarapa Faults. Coincidence of environmental transitions at Taupo Swamp,
Okupe Lagoon and Lake Kohangapiripiri between2720-2100 cal. years BP
indicates that uplift occurred across the western and central Wellington region at
sites 60 km apart at this time. There is evidence to suggest that the Wairau, Ohariu
and Wairarapa Faults all ruptured in this time interval. Another time interval
involving several large earthquakes in the region is the period from
I100 cal. years BP to present.
7.4.2 Comments for Future Work
This study is a beginning in terms of investigating what contribution diatom
analysis of sedimentary sequences can make to paleoseismic histories in this
country. Despite the small number of samples used in this study 
- 
both within
each waterbody and in the region as a whole 
- 
the potential of the technique for
application in New Tnaland can be seen. There are some specific results from this
work but it is also hoped the project has set the scene for similar work to be
carried out in New Zealand and that application of techniques used here will
enable future studies to cover more sites and longer time periods. A few
observations that may be of interest to workers involved in similar studies in the
future are noted below.
Detection of Earthquakes in the Sedimentary Record
The record of pre-historic large earthquake signatures that can be detected in
sedimentary sequences of lakes and coastal waterbodies is useful for several main
reasons. ln regions where seismicity is dominated by movement on a subduction
thrust or other sub-surface structures, sedimentary sequences may be the only
paleoseismic record accessible at the surface. However this study illustrates that
even in regions where surface faulting is responsible for most major earthquakes,
the sedimentarv record is a useful addition to information from fault trenches and
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sequences of raised beach ridges. Recognition of events in the sedimentary record
provides additional estimates of timing for past large earthquakes identified by
other means. Often a longer and / or more complete record can be obtained by
coring sedimentary sequences than is preserved as colluvial wedges in fault
trenches. A better indication of the areal extent of effects of past events is obtained
because sites can be spread out across a region rather than associated with a single
structure. Rough estimates of the amount of vertical movement can be made and
this is likely to be refined with further work on elevational distributions of
microfossils. The main disadvantage of using the sedimentary record to detect
evidence ofpast earthquakes is that sequences are not usually uniquely related to
particular faults so many sites and good age control are required to determine a
seismic source for past events.
Microfossils are essential to such studies because sedimentology does not provide
the detail of environmental information required to differentiate between aseismic
and coseismic causes of change. Microfossils can be used to pick up transitions
not noticeable in sediment. Particularly in fine-grained organic sediment a large
change in water chemistry and microfossil assemblages can occur without any
change in appearance of the sedimentary sequence. For example transition A-B in
TS97-l at Taupo Swamp involves a change from a brackish open lagoon to a fresh
pond as infened fiom the diatom record but would not be picked as an important
horizon in the sedimentary sequence (Fig. 7.a). Macrofossils are useful in the
identification of earthquake events for example through recognition of
catastrophic depositional events as at Okupe Lagoon (see Fig. 4.5) or the evidence
for suddenness of submergence given by buried plant fossils in growth position in
Washington (Atwater and Yamaguchi, l99l). However macrofossils are often too
scarce in the record to be of consistent use for all events at all sites (Nelson et al.,
1996) particularly where small diameter cores are required to study sequences not
exposed in outcrop.
Shennan et al. (1996) illustrate that when several microfossil groups are used in
combination the resolution of resulting paleoenvironmental reconstructions is
greater than in studies using a single group. This is particularly true for the
estimation of past tide level. Where modern distributions of pollen, diatoms and
foraminifera enabled identification of three or four distinct elevation-related
assemblages, Shennan et al. (1996) show that use of the three groups in
combination enabled recognition of seven distinct categories. However at the
sampling resolution required for such studies, analysis of three or more fossil
groups represents a large commitment of resources and in most cases only one
group can be used. For sequences that cover a wide range of environments from
marine through to fresh water conditions, diatoms are very useful because they




Fig.7 .4. lnferred earthquake event in the sedimentary sequence of Taupo Swamp
(TS97-l). Transition A-B occurs at the horizon indicated by the black arrow head
(241 cm depth). This photo illustrates the need for microfossil analysis of such
sequences 
- 
diatoms indicate that this horizon involves a sudden change from a
brackish, predominantly open lagoon to a fresh water pond.
Comparison of Setting: Pacific Northwest and Wellington
Methods for detection of earthquakes in the sedimentary record have been
developed predominantly in the Pacific Northwest of America and Canada.
Criteria for the assessment of coseismic versus aseismic causes of change have
been developed using sequences from passive margin coasts in addition to those
from active margins in order to thoroughly test the 'earthquake deformation cycle'
identified from sediments of the Pacific Northwest. In theory these methods and
criteria should be applicable to any seismically active coast but there are several
major differences of Wellington's tectonic setting from that of the Pacific
Northwest.
One of the main differences in setting is the dominance of surface faulting in the
Wellington region. All previously identified earthquakes are attributed to surface
faults and no conclusive evidence for movement on the subduction interface
beneath Wellington has been documented. Vertical movement on these
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predominantly strike-slip faults is unlikely to be as widespread as subduction
interface earthquakes of the Pacihc Northwest. Therefore evidence for
earthquakes in the sedimentary record is likely to be restricted to fault-bounded
blocks in the Wellington region rather than extending across long lengths of
coastline as occurs in the Pacific Northwest. Where evidence is preserved across
several faulrbounded blocks the record can be assessed for the likelihood of a
subduction interface earthquake but rupturing of several faults in a close interval
of time may also cause a widespread record of effects.
Repeated uplift rather than subsidence has been the dominant factor in the history
of waterbodies used in this work. It also appears from the sedimentary record that
there is little or no interseismic movement of base level as is documented in the
Pacific Northwest. One implication of these differences is there are fewer sea level
index points preserved in the sequences of the Wellington region. Ideal sea level
index points consist of boundaries between different depositional environments
for which a tidal elevation is known. Repeated uplift results in a unidirectional
change in paleoenvironment from marine to fresh and environmental transitions
are often coseismic rather than those resulting from gradual sediment
accumulation. [n the Pacific Northwest repeated cycles have been documented
(Shennan et al., 1996) in which the coast subsides coseismically then sediment
gradually accumulates. In this case peat-mud couplets are preserved in the record
and transitions are a mix of coseismic contacts and natural contacts that provide
good sea level index points.
Study Sites and the Coastal Gradient
The three study sites from the coast of the Wellington region are all small, low
elevation coastal waterbodies with small fresh water inflows. These are found to
provide fairly complete and in situ records of paleoenvironmental change in
comparison with large, high-energy coastal waterbodies (eg, Zachariasen et al.,
2000). Paleoenvironments inferred from the sedimentary sequences of each
Holocene site are plotted against the idealised coastal gradient as presented in
Chapter Three (Fig. 7.5). In this comparison it can be seen that all sites progress
through time in a landward direction along the gradient with Okupe Lagoon
occupying the most seaward position and lake Kohangapiripiri the most landward
position.
Relative position on the coastal gradient is found to be an important factor in
determining the nature of evidence for earthquakes that may be preserved. In the
most seaward position, as exemplified by Okupe Lagoon, relative changes in sea







Fig. 7.5. Temporal coastal waterbody gradient for ttre Holocene sedimentary sequences.
Infened watertody types illustrate how sedimentation at each site has progressed along
the coastal gradient with time.
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assemblages can be related to tide level estimates of the amount of vertical
movement can be made. Disadvantages of seaward sites include the increased
likelihood of erosion of sediment because of the higher energy environment and
the difficulty in differentiating tsunami deposits from surrounding sandy marine
sediment.
ln the most landward position, as at Lake Kohangapiripiri, vertical movements of
base level are likely to be recorded as relative movements of water table level
which can be less obvious to identify. In the case where the sequence is entirely
terrestrial, estimates for the :rmount of vertical movement have to be made from
inferred water depth changes. The record is likely to be more complete in
waterbodies with small inflow and no connection with the sea. Tsunami deposits
would be clearly distinct from surrounding sediments at such terrestrial sites but
only those large enough to overtop or breach any barrier between sea and
waterbody would be recorded.
Small landslides or slips resulting from earthquake-induced shaking are recorded
at sites from both ends of the gradient but because of the localised nature of such
deposits they cannot be relied on to occur at every core site. The absence of
evidence for catchment disturbance at Taupo Swamp may be for this reason or
because the source for such deposits (hillsides or barriers) is further from the core
sites than it is at Okupe Lagoon or Lake Kohangapiripiri. There are no apparent
differences along the coastal gradient in determining the suddenness, lateral extent




The first aim of this thesis was to develop a modern diatom calibration set to aid
paleoenvironmental reconstruction of coastal sequences in New 7*aland. A
calibration set consisting of 50 sites was collected from the coastline of the
southern North Island and the South Island of New Z,ealand. Sites define a coastal
gradient from marine through to terrestrial environments consisting of open bays,
sheltered embayments, inlets, lagoons, lakes and wetlands. Diatom death
assemblage samples were collected from each site and 305 taxa were identified.
Twenty-six physical and chemical environmental variables were measured and 23
of these were found to be statistically significant in terms of explaining diatom
distribution and abundance.
Multivariate statistical techniques were used to analyse and summarise the
calibration set. Detrended correspondence analysis yielded an important first axis
that arranged species according to their salinity preferences and sites according to
waterbody type. The clear separation of sites enabled division of ordination space
into waterbody type and reconstruction of fossil samples by passive placement
onto ordination diagrams. The similarity of results obtained from ordination and
canonical ordination analyses indicated that measured environmental variables
explained the diatom data well. Canonical ordination and forward selection of
environmental variables enabled seven variables to be identified that described the
diatom data almost as well as all 23 variables. Variation along the dominant first
axis was effectively explained by exposure to salt, salinity, distance from the sea,
flow and carbonate. Variation along the second axis was explained by pH and
precipitation. These variables were used to define an idealised spatial coastal
gradient to aid the reconstruction of temporal coastal gradients of Holocene
sedimentary sequences.
A diatom-salinity transfer function was derived using weighted averaging
regression of the calibration set. There is a high correlation between observed and
inferred salinity values and a relatively low root mean squared error of prediction
- 
indicating that the calibration set can be used to reconstruct salinity from past
environments. Salinity optima and tolerances for 100 species are presented and
compared with published preferences. The modem analogue technique was used
as an alternative method for reconstructing paleosalinity from fossil samples to
provide a means of assessing the validity of reconstructions canied out using
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weighted averaging. Paleosalinity reconstructions derived from the different
techniques were generally compatible. The deviations that did occur are likely to
be the result of lack of modern analogues for some samples 
- 
a problem that could
be corrected by expansion of the calibration set.
The calibration set aids diatom-based reconstruction of coastal sequences in
several ways. In this thesis quantification of estimates for past waterbody type and
salinity enable the magnitude of paleoenvironmental change to be assessed
objectively. This is an important characteristic for differentiating between
coseismic and aseismic causes of change when assessing sedimentary sequences
for evidence of past earthquakes. In more general terms, and for future workers on
coastal sedimentary sequences in New Z.e,aland, there are two main implications of
this work. Firstly, the compatibility of diatom salinity preferences derived from
the calibration set and those derived from Northern Hemisphere literature,
indicates that traditional paleoecological techniques that rely on qualitative
autecological information are generally appropriate for reconstruction in New
7.ealand. Secondly, the existence of the calibration set provides an alternative
option for paleoenvironmental reconstruction of coastal sequences. That option is
direct analysis of fossil diatom count data using the calibration set data to derive
high resolution, quantitative estimates of past waterbody type and paleosalinity.
The procedure of categorising each species according to salinity and habitat
preferences can be bypassed depending on the aims and resolution required for
each piece of work. Fossil datasets must be compatible with the nature of the
coastal gradient defined by the calibration set, basic requirements and assumptions
of the procedure must be addressed and ideally the calibration set should be
enlarged to improve the quality of reconstruction.
The second aim of the thesis was to contribute to the understanding of
Wellington's paleoseismic record through detection of evidence for large
Holocene earthquakes in the sedimentary record. This was achieved by developing
paleoenvironmental histories for three Holocene coastal waterbodies to act as a
basis from which to assess whether evidence of past earthquakes was preserved.
The three sites used, Taupo Swamp, Okupe Lagoon, and Lake Kohangapiripiri are
all small, low elevation coastal waterbodies that are now completely isolated from
the influence of the sea. At each site there is geomorphological evidence in the
form of gravel barriers and raised beach ridges to suggest that sediment transport
and coseismic uplift events have operated together to isolate each site from the
sea. Diatom analysis, sedimentology and radiocarbon dating of sedimentary
sequences within each waterbody are used to elucidate the Holocene history of
each site and tie paleoenvironmental events to a chronology.
Taupo Swamp was once part of outer Porirua Harbour and cores from central
Taupo Valley illustrate that the transformation from a marine to terrestrial
environment occurred in two distinct stages closely spaced in time. A
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predominantly open lagoon at high intertidal elevation existed between 5500 and
about 3100 cal, years BP. Isolation from the sea occurred about 3100 cal. years BP
and a very shallow fresh brackish pond existed at the site for a short time. A fresh
water wetland environment became established shortly after isolation at about
24OO cal. years BP, and has persisted in the central valley until the present day. In
the lower valley a very shallow, fresh brackish lagoon existed until very recently
and may well have disappeared as a result of a small amount of uplift in the 1855
AD Wairarapa earthquake.
At Okupe Lagoon on the northeastern end of Ikpiti Island five different
paleoenvironments have existed at the site over the last 5000 years. Between about
5000 and 3200 cal. years BP, deposition took place at low intertidal to intertidal
elevations within a sheltered inlet. At 3200 cal. years BP the environment appears
to have changed to a predominantly open lagoon at high intertidal-high tide
elevations. At 
-2300 cal. years BP a predominantly isolated marsh environment
with little or no open water existed at the site. A deepening took place about 1000
cal. years BP that enabled the present configuration of an open water lagoon to
become established. This environment was saline but completely isolated from the
sea. At around 500 cal. years BP a small change in sediment supply or water depth
occurred. Evidence of catchment disturbance is preserved at three horizons that
coincide with environmental transitions.
At Lake Kohangapiripiri east of the Wellington Harbour entrance a barrier has
existed between the lagoon and sea since 7500 cal. years BP. At that time the
barrier was low and allowed indirect or episodic connection between the lagoon
and the sea. From 6800 cal. years BP onwards a permanently closed lagoon has
existed at the site and the main paleoenvironmental transitions recorded in the
sedimentary sequence involve changes in water depth. In two cases layers of
angular gravel accompany environmental transitions suggesting that catchment
disturbance occurred at the same time. A deep phase in the lagoon's history
initiated about 5200 cal. years BP and a shallow phase occurred between
2200 cal. years BP and the present. Further shallowing is infened to have occurred
in the very recent past.
Ten transitions between different paleoenvironments were identified from the
three Holocene sites and these were examined in detail to determine likely causes
of change. Environmental transitions occur suddenly, are laterally extensive within
each waterbody, and synchronous within each waterbody within the bounds of
radiocarbon dating. Five transitions involve large magnitude changes in
paleoenvironment and evidence for movement of base level. These are thought to
have been caused by large earthquakes at 
-5200, -3200, and -2300 cal. years BP.
Five other transitions involve smaller amounts of paleoenvironmental change and
evidence for catchment disturbance and / or marine inundation. These do not
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necessarily involve movement of base level but are consistent with the effects of
large earthquakes occurring at 
-6800, -22W, -1000, -500 cal. years BP and
1855 AD.
Recognition of these events contributes to the existing paleoseismic record by
providing additional estimates of timing and enabling estimation of the areal
extent of effects of past large earthquakes. For example, ages of environmental
transitions at Lake Kohangapiripiri clarify event history on the Wairarapa Fault by
bracketing incompatible age estimates from two different sites along the fault.
Transitions at Okupe Lagoon and Taupo Swamp indicate that western Wellington
was uplifted coseismically at about 3200 cal. years BP. At about 2300 cal. years
BP uplift is recorded at all three sites suggesting that the entire western and central
Wellington region experienced coseismic movement at that time. Because of the
distance between study sites this is likely to have been the result of several faults
rupturing at a similar time. Two minor paleoenvironmental changes associated
with evidence for catchment disturbance at Okupe Lagoon, are thought to indicate
strong shaking on Kapiti Island during the last earthquake on the Ohariu Fault and
on the Wellington Fault 
- 
the latter also appears to have triggered a tsunami that
inundated Okupe Lagoon.
These results illustrate that evidence of earthquakes is preserved in the
sedimentary record of the Wellington region and that sedimentology and diatom
analysis are effective tools with which to detect such evidence. lnvestigation of
more sites and longer records is required to refine the timing of events identified
here and extend the paleoseismic record back in time. Use of the approach is
likely to be beneficial to paleoseismic records in other parts of the country and in
the search for evidence of subduction related earthquakes in New 7*,aland.
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Item l: Table of Grainsize Data
Abbreviations used: crse coarse fraction
wet wet sediment orgs organic material
dry dry sediment carb carbonate
Item 2: Core Logs
See Table 2.2 (Chapter Two) for definition of sedimentary units.
Core TS97- l. Collected 4/5197 from Taupo Swamp.
Grid Reference (NZ Map Grid): P.26 674129.
Fossil Record Number: R26lf2l7.
Note: Sampling for pollen took place before cores were
photographed so sample positions visible in the photos do not
relate to samples used in this project 
- 
see 'samples' column for
correct diatom and grainsize sample positions.
Core TS98-2. Collected 1916198 from Taupo Swamp.
Grid Reference (NZ Map Grid): F.26 673129.
Fossil Record Number: R26/f218.
Core OL97-3. Collected l4l7l97 from Okupe Lagoon.
Grid Reference (NZ Map Grid): P.25 741404.
Fossil Record Number: R25/fl.
Note: Base of core was sampled before section was photographed.
Core OL97-5. Collected l5l7l97 from Okupe Lagoon.
Grid Reference (NZ Map Grid): F.25 746402.
Fossil Record Number: P.25m.
Note: This core was extensively sampled by several users before
cores were photographed so much of core is missing.
KP99-l&2. Collected lll5l99 from Lake Kohangapiripiri.
Grid Reference (NZ Map Grid): R27 654810.
Fossil Record Number: F.27/R01.
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KEY TO SYMBOLS USED IN CORE LOGS
-t. Diatom sample I snat O wooa (D PeUnn
l{ Grainsize sample -@ ,n.,,fragment -9 organicmaterial @ pumice L.r,
l._-: Sand-poor
1-- Mud i ; 
i1 Sand+ich p.;,.-l Muddy
i:.:-- Mud i.:.r Sandi: -- t'rtud




,VET DRY ORGS CARB CRSE FINE TOTAL LOSS
PERCENTAGES




















































































20.17 7.09 2.38 0.66
25.27 14.28 2.61 0.47
26.69 16.50 1.91 0.32
28.86 23.12 1.68 0.64
35.28 28.48 0.74 1.31
26.02 21.05 0.54 2.18
26.39 20.06 1.15 2.43









2.71 8.24 13.87 0.19
0.65 6.08 8.33 0.09
0.75 7.04 9.62 0.07
0.52 5.66 7.70 0.13
0.93 7.U 10.71 0.14
1.19 5.84 8.53 0.10
1.15 6.20 8.85 0.11
0.70 9.36 11.57 0.14
1.20 6.80 9.61 0.13
0.72 5.16 7.50 0.06
3.66 6.08 ',t1.32 0.06
0.54 6.39 8.60 0.13
16.78 6.15 24.81 0.18
't.12 7.08 10.00 -0.07
20.46 8.98 31.66 0.15
17.25 8.88 28.34 0.11
0.00 3.99 7.03 0.06
9.90 1.27 14.25 0.03
13.33 0.92 16.48 0.02
19.38 1.37 23.07 0.05
18.41 7.88 28.y 0.14
15.58 2.63 20.93 0.12
14.25 2j2 19.95 0.11
19.62 3.02 26.23 0.09






















0.00 1.80 5.08 0.07
0.00 0.52 2.85 0.08
8.08 8.00 17.06 0.15
1.02 8.31 10.55 0.05
'18.22 2.07 22.56 0.16
11.62 6.02 19.80 0.08
2.09 6.28 10.26 0.14
4.62 5.91 13.10 0.00
21.02 5.48 29.15 0.14
2.24 4.40 8.47 0.10
7.28 3.36 12.',t5 0.11
1.22 5.55 9.11 0.01
5.70 5.99 13.29 0.39
























































































































































Dark olive brown 2.5Y 3/3. Water-logged and tull of living foots and
reed material.
Sediment less water-logged and less root material. Layers of fine

































































































Bands of dark greyish yellow 2.5Y 412, brownish black 2.5Y 312 and
blac/rZdY 2l'1.
Contact gradational (over -4 cm).
Oroanic sand-ooor mud
Dark brown. Gritty teKure.
Contrac-t wary gradational.
Peal
Black 2.5Y ?1. Crumbly texture,
As above.






















Black 2.5Y 21. Crumbly texture, fine organic matter.
Sharp contact.
Brownish black 2.5Y 3/1. High mud content.
Large piece of wood.
Brownish blackT.5Y 212 with lighter brown motdes.
Gradational, wavy contact.
Black 2.5Y 21. Crumbly texture, ffne organic matter.
Peat
Black 7.5YR 1.7/1 . Fine organic matter.
Daft brown 7.5YR 21. High mud content.
Gradational change (over -15 cm).
Oroanic Mud




Brownish black 1OYR 22. Organic matter throughout. Gradational
change of decreasing silt content and inoeasing organic content
from base to top.
Many small pieces of organic material including small rootlets.
Contact sharp.
Sand-poor Mud


























Ofive brown 2.5Y 413.
Contact gradational.
Organic Mud
Gradational change of decreasing silt content and increasing
organic material toward base.


















tsrownish black 1OYR 22.
Contact gradatlonal.
Organic Mud
Gradational change of increasing organic matter ftom base to top.
Olive black 5Y 3/2.
Fragments of Hyridella menziesl.
Contac't motded, wavy.
Peat
Brownish black 10YR ?2.
Organic Sand-rich Mud
Brownish black 2,5Y 3/2.
Contact gradational.
Oroanic Mud
Brownish black as above. Gradational change of decreasing organic
material from base to top.
Brownish black 10YR 2/2.
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Desoiption
Numerous pleces of organic matedal.
Organic Sand-poor Mud
Brownish black 10YR 2/2.
Brownish black 2.5Y 3/2.


















Brownish black 10YR ?2. Uniform.
216
Desoiption
Olive black 'l0Y 3/1.
Organic Mud























































[--___7\ /ll\ tlt\,'IVIl,n, ltt\ill \'lt/ \l
Description
Too wet and with too many roots to collect
Peat
Brownish black 10YR 22. No silt, high clay content. Many modem
roots and reed material.




























Black 1OYR 1.7/1 . Fibrous peat with numerous small wood, reed
and other olganic fragmenb.
Peat
Bfack 10YR 1.711. Very low mud content, mainly wood ftagments
and fibrous material.
Contact rffavy (over 
-1 crn).
Sand-rich mud
Of ive brown 2.5Y 413. Bands of organic matter and wood fragments
between 164 & 179 crn. Uniform. brown mud below thls interval.




Contact sharp (over 0.3 on).
Sand-poor Mud
Contact sharp (over 0.3 crn).
Sand
Medium grained sand with bands of black 2.5Y 2/1, brownish black
2.5Y 312, and greyish olive 5Y 412. Numerous wood fragments
causing black banding. Becomes generally lighter towards top.
Mud
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Contact wavy (over 1 cm).
Sand-rich Mud
Black 1OYR 1.7/1. Wood ftagments scattered throughout.
Contact sharp (over 0.5 crn).
Sand-ooor Mud
Brownish black 10YR 3/2,
Contact sharp (over 0.4 crn).
Muddy Sand






Brownish black 2.5Y 3/1. Gradational change from organic
sand-poor mud at base to organic mud at top. Scattered small wood
fragments.
Contac{ sharp (over -1 cm).
Oroanic sand-rich mud
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Contad sharp (over 0.5 on).
Sand
Olive black 5Y 3/12. Shell fragments and small complete shells
throughout induding Ausfroyenus stutchburyil, gastropods and
bamacles,







Brownish black 1OYR 22. Scattered small shell fragments and small
whole Austrovenus stutchburyii.
Contact sharp (over -1 cm).
Organic muddy sand
Dark brown. Gradational change from sand-rich mud at base to
muddy sand at top. Small wood fragments.
Layer of small, crushed shell fragments (including Austrovenus
stutchburyiil.
Contact gradational (over 2 cm).
Oroanic sand-ooor Mud
Black 1OYR 2/1 . Scattered small fragments ot Hyridella menziesi.
Contact gradational (over 2 cm). Small, crushed shells at contact.
Organic Sand-rich Mud
Brownish black 2.5Y 3/1. Gradational increase in sand content and
decrease in organic material ftom base to top.
Visual Log
:w'.'..:.Lit...,

























Shell ftagments throughout. Occaslonal pieces ofwood and
organic matedal.
Light grey 1OGY 4/1.
Yellowy grey 10Y 5/1.
Descdption
Organic Muddy Sand
Brown 7.5Y 2l2.Organic material throughout.
Pleces of pumlce.
Layer o-f wood, organic material and pebbles.
Sand-rich Mud
Grey brown 5GY 4/1. Small pieces of organic material. Shell





Yellowy grey 2.5GY 5/1. Laminae of black organic material.
Scattered shell fragments and pieces of wood. Shell fragments
larger and more numerous at base.
Sand-poor Mud
Grey 7.5GY 5/1. Scattered shell fragments, large whole shells
and pieces of wood.
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7.5Y 412. Large shell fragments.
Contact sharp
Muddv Sand





















Olive grey 7.5Y 412. Mottled with lightor yellow brown bands 5Y 3/2.
Small pieces of wood.
Brownish black 7.5Y 3/1. Mottled with lighter grey mud,
Contact ma*ed by layer of weathered reddy brown wood.
Oroanic Muddy Sand
Brownish black 'l0Y 3/1. Large wood fragments throughout. Mottles
of lighter mud.
Oroanic Sand
Olive black 7.5Y 3/1. Numerous small pieces of wood, twigs and
seeds throughout.
Two pieces of pumice.
Layer of rounded greywacke pebbles (long axis up to 2 cm) and
pieces ofwood.
Brownlsh black 7.5YR 21.
Layer of fine organic material.

































Grey Brown sGY 4/1. Numerous shell fragments and small pebbles
throughout. Sand fines gradually and shell fragments decrease in




Gradational change ftom Grey Brown 7.5Y 3/2 above pebble layer
to Brown 7.5Y 212 attop.
Layer of pebbles and pieces of wood.
Muddv Sand
Yellowy Grey 5GY 4/1. Scattered small wood fragments.
Layer of reed and small shell fragments.
Sand
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As above except fewer roots.
Contact sharp.
Oroanic Sand-ooor Mud
































































Yelfowish grey 2.5Y 411. Black organic mottles and slreaks of
vivianite.


















































































































































































































































































































































































































































































Contact sharp (over 3 mm).
Orqanic Muddv Sand
Brownish black 2.5Y 3/1. Numerous wood fragments and organic
matter throughout. Poorly sorled, rounded sand in basal 5 cm.
Two distinct layers of wood ftagments.
Contact wavy (over 1 cm).
Sand-ooor Mud
Dark yelfowish grey 2.5Y 412.
Sand-ooor Mud
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Coarse, weathered sand grains and wood framents throughout.
Contac't sharp (over 5 mm).
Sand-ooor Mud




Contact sharp (over 3 mm).
Oroanic Sand-ooor Mud
Olive black 5Y312.
Contacl waqy (over 1 cm).
Muddy Sand
fuigular, poorly sorted sand with organic material and vivianite.
Two lighl brown bands across sand layer.
Contac{ sharp (over 5 mm).
Gravellv Mud
Angular, poorly sorted gravel within mud.
Sand-lpor Mud
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Item 1: Species List.
Slide Reference:
This contains the sample, and slide co-ordinates where a species was first
identified. Samples beginning with'M' are modern samples. Sample codes are the
modern site codes (see Appendix V) and one of the following:
DA death assemblage
ES epipsammic / epipelic
EP epiphytic
EL epilithic
Samples not beginning with 'M' are core samples 
- 
the code consists of the core
mme and sample depth.
Abbreviations used for references:
K & L-B Krammer & Lange-Bertalot
W, L-B & M Witkowski, Lange-Bertalot & Metzeltin
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Environmental Preferences of Diatom Species
Item 1: Table of Environmental Preferences of Diatom Specres
Key to Table:
l. Species' names (see Appendix tr for full names and authors).
2. Published habitat and salinity preferences for species showing categories used for
paleoecological interpretation in Chapters Four, Five and Six, and the source of
informati on. Abbrev iations used for references :
R, C, & M Round, Crawford & Mann
VD, M & S Van Dam, Mertens & Sinkeldam
V&dW Vos&deWolf
Z &H Zong & Horton
W, L-B & M Witkowski, Lange-Bertalot & Metzeltin
K & L-B Krammer & Lange-Bertalot
P&R Patrick&Reimer
3. Comparison between published salinity preferences and salinity optima derived
from the calibration set. Preferences were compared using the salinity category
definitions in Table 2.4 (Chapter Two).
r'r' : Exact match of categories
r' : Match according to broad categories: marine, brackish, fresh
xx : Categories differ
Blank value : Species not in calibration set or no published preference
4. Salinity preferences (iackknifed optima and tolerance) derived from weighted
averaging of the calibration set described in Chapter Three.
5. Occurrences of species in the calibration set and presence in the fossil dataset. The
effective number of occurrences (N2) should be considered before using salinity
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Plates of Diatom Species
Abbreviations used:
LM Light Microscope
SEM Scanning Electron Microscope

























































































































































































































































































Location and Catchment Characteristics of Calibration Set Sites.
A, Environmental Variable Codes and Units forContinuous and
Nominal Variables.
B. Environmental Variable Codes and Units for Ordinal Variables.
Calibration Set Sites.
A. Values of continuous Environrnental variables of calibration
Set Sites.
B. Values ofNsminal and Ordinal Environmental Variables of
Repeat Measurement Data for Calibration Set Sites - Salinity,
Conductiviry, pH, Water Temperature and Water Depth.
Grainsize Data for Calibration Set Sarnples.
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(NZMS-260) Hec{ares Hectares Melres
Bird Hide Lagoon BH R27 708099 'l 57 90
Brooklands Lagoon BL M35 863533 128 470 10
Coopers Lagoon CL M37 541031 36 905 10
Duck Creek Wetland DC R27 696093 1 785 410
Lake George GE D,l6 148158 90 1484 450
Hafdane Estuary HE F47 059876 194 7391 399
lsland Bay lB R27 580829 30 340 178
Kiriwai Lagoon KL R28 861783 5 93 60
Kaituna Lagoon KN M36 829124 585 6747 918
Lake Kohangapiripiri KP R27 654809 11 343 250
Kaikorai Stream Mouth KS 144078727 28 4440 472
Lake Kohangatera KT R27 659798 22 2035 370
Kohangapiripiri Wetland KW R27 657814 11 343 250
Lake Brunton LB F47 947870 24 1239 128
Lake lanthe Ll lU 172914 456 1320 790
Lake Pounui LP R27 874826 43 630 465
Lake Vincent LV F47 9&933 16 298 65
Lake Waihola LW H45 847609 581 11875 380
Massey Bay MB R27 627895 I 10 80
Motukaraka Point MK R27 696'106 450 '10000 555
Lake Mahinapua MP J33 384213 389 6160 165
Mahau Sound MS P27 8/6976 33 27 120
Nelson Haven NH O27 374992 1233 12632 1168
OkupeArm OA R257424O3 I 80 206
Okupe Lagoon OL R257414O5 I 80 206
Lake Onoke ON R28 892769 592 10740 860
Orore Point OP J42437528 I 1807 132
PointArfhur Bay PA P27 677870 |1 34 178
Paramata Bridge PB R27 671099 450 10000 555
Porirua Harbour PH R27645082 262 6212 458
Plimmerton South Beach PL R26 667114 65 1070 247
Pauatahanui Mudflats PM R27 706099 450 10000 555
Paraparaumu Lagoon PR R26785347 3 43 6
Papaitonga Swamp PS S25 987596 I 75 30
Pauatahanui Inlet PT R26679111 450 10000 555
Paraparaumu Wetland PW R27 785345 2 43 5
Rangitata Moulh Wetland RM K38 901673 2 Y 5
Rotary Pond RP R27 794352 3 45 I
Shipwreck Bay SB F47 943866 480 1239 129
Stuart Pond SP O27 445052 1 5 120
Tilahi Bay TB R27442098 20 103 100
Tomahawk Lagoon TH l,f4 199756 I 173 255
Tsunami Lagoon TL R28 895766 2 339 78
Te Paeroa Lagoon TP X19 011294 62 196 40
Taupo Swamp TS R26 675129 25 821 24A
Kohangatera Welland TW R27 660799 22 2035 370
Lake Wifkie WK G47 368971 2 I 20
Wailarakao Lagoon WL K3S 708482 21 4646 260
Whakamahi Lagoon WM X19 907284 4 1 10 60
Wainono Lagoon WN J40 62910'1 359 10690 1080
293
Table 2.
A: Environmental Variable Codes and Units for Continuous and Nominal Variables.
'AL VARIABLE CODE UNIT / CATEGORY
ftom sea (via opening if present)






















5 Mafic / Intermediate volcanics
4 Quartzo-feldspathic sc+rist
3 Tertiary & Mesozoic sardstone. mudstone, conglomerate
2 Quatomary sands, gravels, tills






































to salt EXPO S
9 Sheltered €mbayment
I Inlet
7 Predominantly open lagoon
6 Predominantly closed lagoon





9 Continuous open conneclion with sea
I Oaily connedion with sea (tidal)
7 Daily connection with inlet (tidal)
6 Seasonal / annual influx from sea
5 Seasonal / annual inffux from Inlet / lagoon
4 Seepage through banier / groundwater
3 Windblown only - frequent










5 10 - 15 gl'1
6 15 - 20 gl'r
7 20-25911







3 Shaded pail of day by hills and plants
2 Shadsd paft of day by hills or plants
'l Exposedthroughoutday
4 Abundant 2 Present
of nearest fresh water inflow slzE Fl
Range (max - min of measurements) RANGE



















A: Values of Continuous Environmental Variables of Calibration Set Sites.
See Table 1 for site codes and Table 2 for environmental variable codes.






















30.35 22.05 31.9 7.85
23.2 0.1 0.126 8.07
17.7 12.7 19.86 7.67
25.35 0.1 0.271 8j6
18.9 26.98 38 7.98
14.91 29.09 43.66 8.01
14.23 4.63 7.77 7.62
20.7 0.55 0.977 6.17
15.45 0.28 0.517 8.14
25.2 13.1 19.76 8.02
14.',t 0.63 1.11 7.75
20.2 0.3 0.546 6.95
25 8.35 13.05 8.03
22.95 0 0.033 7.23
13.78 0.1 0.171 8.99
2s.3 0.1 0.279 8.',t2
28.55 3.75 6.22 8.62
17.73 28.96 42.78 8.06
19.6 22.35 35.71 7.92
23.2 0 0.046 7.75
19.76 23.55 33.6 8.09
10.95 11.9 20.55 7.73
19.5 26 40.1 9.42
19.6 21.85 29.8 8.89
11.26 6.87 11.48 8.48
23.95 2.5 4.28 9.05
18.94 32.86 45.18 8.05
17.97 28.8 42.64 8.06
19.2 26.7 4't.1 8.11
't6.26 29.28 40.72 8.13
17.89 ?2.43 33.4 8.21
19.83 4.08 6.46 8.15
21.95 0.2 0.341 7.09
18.39 28.28 42.13 7.98
20.35 8.7 12.99 7.9
18.4 0.1 4.122 6.17
22.5 0.87 1.582 9.5
18.6 30 41.7 8.04
11.65 0.3 0.589 6.61
17.4:7 28.69 42.49 8.05
21.65 0.5 0.865 7.7
15.3 4.25 7.298 7.76
18.95 3.5 6.51 5.25
15.65 0.2 0.383 6.78
12.75 0.3 0.52't 7.17
27.45 0.1 0.251 5.08
22.5 0.1 0.146 8.95
21.15 12.95 21.58 8.61






























































































































































































B: Values ofNominal and Ordinal Environmental Variables ofCalibration Set Sites.
See Table I for site,codes and Table 2 for euvironmental variable,oodes.








































































































































































































































































Table 4. Repeat Measurement Data for Calibration Set Sites 
- 
Salinity (sal),
Conductivity (cond), pH, Water Temperature (temp) and Water Depth.
Values below each site are the averages used in the calibration set.
See Table I for site codes.
31.9 7.U 30.7










0.02 1 1.30 am 718198
1 'l.15 am 1218198
0.02 3.10 pm 1z&l98
10.40 am 22l1lgg
0.03 2.30 pm 2211199
5.10 pm 2211199



























































2 36.9 8.32 20.8
36.6 19.8 0.03




























































1 1.45 am 15l?99 Incoming Summer
12.10 pm 15iZ99 Incoming Summer
1.15 pm 1512199 High Summer




























10.15 am 19/8/98 Incoming Winter
5.45 pm 15/11/98 Outgoirg Spring
5.00 pm 18/4/99 Incoming Autumn
















































1.073 6.37 21.1 0.03
0.881 5.97 20.3 0.03
0.406 7.56 10 0.5
0.504 7.95 't7 0.4
0.504 8.1 16.8 0.4
0.655 8.95 18 0.3
17 8.14 1
12.9 t9.65 7.95 25.3 0.3
13.3 19.86 8,09 25.1 0.3
'r3.1 1S.76 8.02 25.2 0.3
0.666 9.7 0.3
0.478 8.11 15.7 0.3































































1.11 7.75 14.'.t 0.27
0.55 6.99 20.7 0.5
0.542 6.9 19.7 0.3
0.546 6.95 20.2 0.4
13.14 8.23 25.8 0.06
12.95 7.83 24.2 0,06
0.033 7.2 23 0.4
0.032 7.25 22.9 0.4
0.176 11.8 0.5
0.167 8.99 15.6 0.4
0.2u 8.21 23.5 0.2
0.274 8.03 23j 0.2
6.18 8.62 31.2 0.4
6.25 8.61 25.9 0.4
75 6.22 8.62 28.55 0.4
28.3 45.4 8.18
4.30 pm 131?J99 Outgoing Summer






















.2 38.1 8.03 19.3
41 20.3























2 40.7 7.9 22.9

















33.1 7 _91 22.7
0.04
71 7.92 19.6
0.045 7.67 24.3 0.4
0.046 7.82 22.1 0.4
0.046 7.75 23.2 0.4
1.7 31 8.06 16.6
5.05 pm 2111199 Outgoirp Summer


































.9 31 .5 18.7
8.45 pm 2il1498 Low Summer
11.55 am 26t12198 Incoming Summer
7.10 pm 2611ZS8 Outgoing Summer
12.00 pm 271'12198 Low Summer
1 1.30 am 718198 Outgoing \Mnter






33.6 8.09 19.76 0.6
1 1.8 20.1 1 1.6 0.35
12 21 7.73 10.3 0.45
11.9 20.55 7.73 10.95 0.4
20.3 0.03
40.1 8.42 18.7 0.03
20.4 0.03
29.8 8.89 18.8 0.05
1.85 29.8 8.89 19.6 0.04
7 25.2 10.8 0.4
1.4 2.73 8.6
1.3 2.63 7.47 10 0.5
9.45 am l&nBT NA






























1 43.2 16.8 0
3.75 7.63 12.7 0.4
0.18 10.35 9.8
11.48 11.26
4.3 9.16 22.4 0.1
4.26 8.94 25.5 0.'r
4.28 9.05 23.95 0.1






7 52.3 8.11 18.4 0.9
.86 45.18 8.05 18.94
45.5 8.3




29.1 40.5 7.99 20.4
29.6 41.1 7.95 20.2
30.3 42
30.8 42.8 8.01 19.6


































0.2 3.40 pm 5/8/98 Low Wintef
6.00 pm 5/8/98 Incoming Winler




















4'1.1 8.11 19.2 0.35
35.6 8.16 17.2 0.4
39 8.21 16 0.4
40.9 8.03 14.3 0.8










































































1.8 3.05 8.86 29 0.05
12 7.58 20.3
9.S 8.49 11.3 0.06
0.868 7.65 18.7 0.15
.08 6.46 8.15 19.83 0
.2 0.343 7.11 21.9 0.01
.2 0.339 7.06 22 0.01
.2 0.341 7.09 21.95
4.30 pm 19110197 Outgoing Spring
1.50 pm 9/8/98 Outgoing Winter
10.50 am 1218198 Incoming Winter
1.30 pm 1?/U98 . High Winter
1 1.'f 0 am 2211199 Incoming Summer
2.00 pm 2?J1199 High Sumnpr
4.40 pm 22l1Eg Outgoing Summer
8.50 pm zU1lSg Low Summer
1.40 pm 24l1l9S Incoming Summer
8.00 pm 2013199 lncoming Autumn
4.20 pm 2716199 Incoming Winter













































40.7 7.65 16.5 0.4
42.13 7.98 18.39 0.7
11.98 8.8 33.1 0.01
33.2 7.66 20.3
4.42 7.55 9.1 0.03
2.37 7.59 18.9 0.1
3.15 pm 24l1lSg High Summer
8.15 pm 20/3/99 Incoming Autumn
4.30 pm 2716199 Incoming Wnter













7 ',t2.99 7.9 20.35 0.0s
0.121 5.87 18.3
0.123 6.46 18.4
0.1?2 6.17 18.4 0.4
1.44 9.4 26.1 0-15
1.63 9.51 22.7







































42.6 8.03 18.6 0.3

















1 33.7 I 19.1























.1 0.256 5.11 27.9
.1 0.245 5.04 27
1 0.251 5.08 27.45
1 0.145 8.95 23
1 0.146 22
1 0.146 8.95 225 0.03
14.65
17.4 28.5 8.61
1.4 2.4',t 8.15 20.4
1.7 2.9 8.16 18.4
11.30 am 13ru99 Incoming
12.00 pm 13l2l9S Incoming
5.10 pm 19/8/98 Outgoing Winter
4.45 pm 15/11/98 Outgoing Spring
5.50 pm 18/4/99 Incoming Autumn

















































1.55 2.655 8.16 19.4
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Table 5. Grainsize Data for Calibration Set Samples.
See Table I for site codes.
|HTS (s)



































































































0.00 10.91 27.U 0.83
52.50 1.07 62.53 0.01
0.06 0.91 6.01 0.03
33.32 4.73 40.40 0.21
47.72 1.77 52.40 -O.12
45.30 0.05 50.42 -0.03
0.35 9.12 13.40 -0.16
9.28 12.55 23.72 0.36
32.79 1.12 43.'t4 0.(X
22.50 5.57 30.92 0.22
50.86 1.39 59.69 -0.01
0.88 6.57 32.16 0.02
11.87 6.76 36.12 0.18
27.39 3.O7 35.07 0.26
41.73 3.40 46.68 0.03
49.91 1.49 52.55 0.12
50.66 5.16 61.59 0.62
39.69 2.10 54.30 -0.16
14.49 8.47 28.06 0.26
35.65 3.91 44.70 0.59
38.42 5.94 52.85 0.13
24.67 2.88 32.41 0.12
0.00 3.99 7.03 0.06
6.33 2.26 10.45 0.05
59.12 0.14 66.22 0.15
37.61 1.08 43.88 0.08
71.71 0.O7 76.10 -0.10
39.18 4.62 50.09 -0.12
38.38 0.66 48.29 0.54
33.55 0.34 42.50 -0.01
28.37 0.83 35.01 0.07
15.65 4.58 24.25 0.01
0.00 1.27 6.40 0,03
17.96 5.84 31.72 0.20
17.60 0.85 19.92 -0.02
0.00 1 t.98 19.46 0.17
23.60 0.78 26.37 0.02
56.78 0.08 62.73 0.03
NA NA NA NA
39.00 0.16 48.65 0.28
8.?2 4.91 26.18 0.03
?6.21 10.89 39.82 0.19
12.79 20.47 39.51 0.34
0.00 0.95 10.16 0.01
2.99 4.01 44.23 0.08
0.00 0.36 51 .1 1 0.01
14.94 6.69 22.77 0.13
20.41 4.49 29.99 0.07
4.44 11.30 18.49 0.19
.00 38.32 40.50 ',18.26 2.92
.95 1.71 11.40 2.93 0.02
.99 15.07 69.04 14.40 0.50
.05 11.65 2.88 2.91 0.52
.28 3.39 0.00 5.57 -0.23
.90 0.10 0.18 9.88 -0.06
.64 68.88 23.4',t 6.27 -1.21
.54 52.',12 3.11 4.73 1.50
75.94 2.59 19.13 2.25 0.09
.25 19.17 3.69 4.17 A.71
2.33 10.77 1.69 -0.02
73 20.42 66.94 9.85 0-06
.70 18.62 40.47 7.7't 0.50
.53 8.69 7.U 5.21 0.74
.34 7.28 0.54 2.78 0.06
76 2.83 0.40 1.78 0.23
.43 8.29 5.55 3.73 1.00
.31 3.88 6.13 16.97 -0.30
1.17 29.91 10.88 7.13 0.92
71 8.63 9.30 2.05 1.30
11.21 6.10 9.93 0.25
.84 8.85 5.87 9.07 0.37
00 56.28 33.57 9.31 0.85
.29 21.52 12.38 5.33 0.48
0.21 7.50 2.98 0.23
.56 2.46 0.48 11.33 0.18
.36 0.09 0.09 5.59 -0.13
.41 9.25 4.26 8.32 -0.24
1.35 10.96 7.99 1.11
96 0.80 2.42 17.U 4.O2
.87 2.37 6-70 9,86 0.20
.51 18.88 7.30 9.27 0.04
.00 19.75 69.36 10.42 0.47
18.30 14.00 10.81 0.63
44 4.27 1.36 6.03 -0.10
.00 61.03 38.10 0.00 0.87
2.96 0.61 6.93 0.08
7 0.13 0.03 9.32 0.05
77.49 13.40 5.48 NA
10.33 8.01 11.38 0.57
1.36 18.73 41.43 8.36 0.11
51 27.22 3.32 3.47 0.47
.10 51.37 11.49 4.19 0.85
9.34 84.66 5.90 0.10
75 9.05 83.30 0.72 0.18
00 0.70 98.06 1.21 0.O2
.24 29.21 2.10 2.88 0.57
,90 14.94 6.79 10.15 0.23
23.77 60.49 8.78 5.94 1.O2
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